Using X-ray Imaging Techniques to Determine Density of Foods by Kelkar, Shivangi Mohan
Purdue University
Purdue e-Pubs
Open Access Dissertations Theses and Dissertations
Fall 2013
Using X-ray Imaging Techniques to Determine
Density of Foods
Shivangi Mohan Kelkar
Purdue University
Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations
Part of the Bioresource and Agricultural Engineering Commons, and the Food Science
Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation
Kelkar, Shivangi Mohan, "Using X-ray Imaging Techniques to Determine Density of Foods" (2013). Open Access Dissertations. 151.
https://docs.lib.purdue.edu/open_access_dissertations/151
Graduate School ETD Form 9 
(Revised 12/07)       
PURDUE UNIVERSITY 
GRADUATE SCHOOL 
Thesis/Dissertation Acceptance 
This is to certify that the thesis/dissertation prepared 
By  
Entitled
For the degree of   
Is approved by the final examining committee: 
       
                                              Chair 
       
       
       
To the best of my knowledge and as understood by the student in the Research Integrity and 
Copyright Disclaimer (Graduate School Form 20), this thesis/dissertation adheres to the provisions of 
Purdue University’s “Policy on Integrity in Research” and the use of copyrighted material.  
      
Approved by Major Professor(s): ____________________________________
                                                      ____________________________________ 
Approved by:   
     Head of the Graduate Program     Date 
Shivangi Mohan Kelkar
Using X-ray Imaging Techniques to Determine Density of Foods
Doctor of Philosophy
Martin Okos
Carol J Boushey
Osvaldo Campanella
Ganesan Narsimhan
Martin Okos
Bernard Engel/ R.L. Stroshine 10/07/2013
  
i 
USING X-RAY IMAGING TECHNIQUES TO DETERMINE DENSITY OF FOODS 
 
A Dissertation 
Submitted to the Faculty 
of 
Purdue University 
by 
Shivangi Mohan Kelkar 
In Partial Fulfillment of the 
Requirements for the Degree 
of 
Doctor of Philosophy 
December 2013  
Purdue University 
West Lafayette, Indiana 
ii 
 
ii 
 
 
 
 
 
 
 
To my parents and my brother 
iii 
 
iii 
 ACKNOWLEDGEMENTS 
 
I would like to express my deepest gratitude to my academic advisor Dr. Martin 
Okos for the guidance, support, and inspiration throughout my PhD program. His 
invaluable insight and vision helped me accomplish my goals. His forever positive 
attitude and undying enthusiasm for research was particularly very encouraging! 
 I would also like to thank Dr. Carol J. Boushey for the opportunity to be a part of a 
unique multi-disciplinary project, TADA. I am glad to have met colleagues from different 
academic backgrounds and really enjoyed interacting with the whole team. 
 To my other committee members - Dr. Campanella and Dr.Narsimhan, I am 
extremely grateful for their valuable inputs and feedback during my prelim and final 
dissertation defense. I also would like to thank Scott Stella, Gary Williams, Scott Brand 
and all my lab mates for their assistance during the course of my research.  I am 
extremely thankful to Molly Scherer, Xun Zhou, Evan Wibawa, and Mitch Simmonds; 
for their help with the data collection.  
A special thanks to Azalenah, Preetha, Deepak, Amandeep, Vaishnavi, and 
Mandar for being wonderful friends and a constant support. I will always cherish the 
coffee breaks and discussions during the stressful times. Also I would like to extend my 
appreciation to a special group of friends – ‘Golimar’, for the crazy, fun, and memorable 
moments at Purdue!
iv 
 
iv 
 Lastly I would like to thank my parents and my brother for their patience, absolute 
support, and unconditional love throughout this journey. They have truly been my source 
of strength all along. I dedicate my dissertation to them.
v 
 
v 
TABLE OF CONTENTS 
Page 
LIST OF TABLES ............................................................................................................ vii	  
LIST OF FIGURES .......................................................................................................... xii	  
ABSTRACT………….. ................................................................................................... xvi	  
	   INTRODUCTION ................................................................................. 1	  CHAPTER 1.
	   LITERATURE REVIEW ...................................................................... 6	  CHAPTER 2.
2.1	   Density and its Definitions .........................................................................6	  
2.2	   Density Variation .......................................................................................9	  
2.3	   Image Acquisition Techniques for Food ..................................................13	  
2.3.1	   X-ray Imaging Techniques ................................................................13	  
2.3.2	   Magnetic Resonance Imaging ............................................................37	  
2.3.3	   Laser Scanner .....................................................................................41	  
2.3.4	   Ultrasonic Imaging .............................................................................43	  
2.3.5	   Microscopic Techniques ....................................................................45	  
2.4	   Digital Imaging and Image Analysis .......................................................50	  
2.4.1	   Characteristics of Digital Image Processing ......................................50	  
2.4.2	   Image Analysis ...................................................................................53	  
2.5	   Conclusion ...............................................................................................55	  
2.6	   References ................................................................................................57	  
	   STRENGTHS AND LIMITATIONS OF TRADITIONAL AND CHAPTER 3.
CONVENTIONAL DENSITY MEASUREMENT TECHNIQUES ............................... 67	  
3.1	   Density Principles and Methods of Density Measures ............................67	  
3.2	   Materials and Methods .............................................................................70	  
3.2.1	   Conventional Density Measurements ................................................70	  
3.2.2	   Density of a Complex Food Based on its Individual Components ....72	  
3.3	   Discussion and Results .............................................................................73	  
3.4	   Conclusion & Future work .......................................................................88	  
3.5	   References ................................................................................................92	  
	   DETERMINATION OF APPARENT DENSITY USING X-RAY CHAPTER 4.
LINEAR AND MASS ATTENUATION COEFFICIENTS ............................................ 95
vi 
 
vi 
Page 
	   Background and Introduction ...................................................................95	  4.1
	   Apparent Density using X-ray Linear Attenuation Coefficients .....100	  4.1.1
	   Materials and Methods ...........................................................................104	  4.2
	   X-ray Radiography Procedure .........................................................106	  4.2.1
	   Micro CT Procedure ........................................................................108	  4.2.2
	   Discussion and Results ...........................................................................109	  4.3
	   Apparent Density using X-ray Mass Attenuation Coefficient .........109	  4.3.1
	   X-ray Mass Attenuation Coefficients at Different Energy Levels ...123	  4.3.2
	   Apparent Density using X-ray Linear Attenuation Coefficients .....124	  4.3.3
	   Conclusion & Future Work ....................................................................134	  4.4
	   Acknowledgements ................................................................................136	  4.5
	   References ..............................................................................................137	  4.6
	   DETERMINATION OF POROSITY USING X-RAY LINEAR CHAPTER 5.
ATTENUATION COEFFICIENTS AND IMAGE PROCESSING & ANALYSIS ..... 140	  
	   Background and Introduction .................................................................140	  5.1
	   Porosity as a Function of X-ray Linear Attenuation Coefficients ...141	  5.1.1
	   Porosity Determination using Image Processing & Analysis ..........144	  5.1.2
	   Materials and Method ............................................................................145	  5.2
	   Porosity using X-ray Linear Attenuation Coefficients ....................145	  5.2.1
	   Porosity by Image Processing & Analysis .......................................147	  5.2.2
	   Porosity by Calculation ....................................................................148	  5.2.3
	   Discussion and Results ...........................................................................148	  5.3
	   Porosity Results using X-ray Linear Attenuation Coefficients ........148	  5.3.1
	   Porosity Results by Image Processing & Analysis ..........................161	  5.3.2
	   Conclusion & Future Work ....................................................................168	  5.4
	   Acknowledgements ................................................................................170	  5.5
	   References ..............................................................................................171 5.6
APPENDICES 
Appendix A	   Food Density Determination using MRI ................................................173	  
Appendix B	   X-ray Linear Attenuation Plots of Fundamental Food Components .....177	  
Appendix C	   Derivation of the Fundamental Density Equation using X-rays ............189	  
VITA ……………….......................................................................................................193	  
 
vii 
 
vii 
LIST OF TABLES 
Table .............................................................................................................................. Page 
Table 2.1 Choi-Okos true density equations for pure food components ............................ 8	  
Table 2.2 Values of mass attenuation coefficient (µ/ρ) as a function of photon energy for 
elemental media ................................................................................................................ 22	  
Table 2.3 Values of mass attenuation coefficient (µ/ρ) as a function of photon energy for 
compounds and mixtures .................................................................................................. 23	  
Table 3.1 Frequency of food items (main food descriptions and additional food 
descriptions) by volumetric measure in the USDA Food and Nutrient Database for 
Dietary Studies 3.0 ............................................................................................................ 69	  
Table 3.2 Density calculated using the information available in the USDA Food and 
Nutrient Database for Dietary Studies 3.0 (FNDDS) ....................................................... 69	  
Table 3.3 Volumes of non-porous food components in a cheeseburger ........................... 73	  
Table 3.4 Volume of porous component in a cheeseburger .............................................. 73	  
Table 3.5 Bulk density values for foods obtained from FNDDS using volumetric 
information. Density values are in g/cc ............................................................................ 74	  
Table 3.6 Measured apparent density values for foods as compared to density calculated 
from FNDDS measure description. Density values are in g/cc. ....................................... 76
viii 
 
viii 
Table .............................................................................................................................. Page	  
Table 3.7 Measured density values for liquid and foods-eaten-in-bulk and their calculated 
FNDDS density values. Density values are in g/cc. ......................................................... 78	  
Table 3.8 Measured apparent density values for foods which contain no volumetric 
information in FNDDS. Density values are in g/cc. ......................................................... 82	  
Table 3.9 Density of a brownie (FNDDSa food code = 53204010) calculated using 
different conventional density techniques ........................................................................ 87	  
Table 3.10 Apparent density of cheeseburger determined from individual components & 
solid displacement method ................................................................................................ 88	  
Table 4.1 X-ray linear attenuation coefficients (µ) and mass attenuation coefficients (µ/ρ) 
of pure food components at 60 kVp on x-ray radiograph ............................................... 114	  
Table 4.2 Food composition information from FNDDS and corresponding calculated x-
ray mass attenuation coefficients at 60 kVp ................................................................... 116	  
Table 4.3 Comparison of apparent density determined from x-ray intensity and dimension 
measurements for food samples. Density values are in g/cm3 ........................................ 118	  
Table 4.4 Food composition information from FNDDS and corresponding x-ray mass 
attenuation coefficients at 60 kVp .................................................................................. 121	  
Table 4.5 Comparison of apparent density determined from x-ray intensity and dimension 
measurements for multi-component foods. Density values are in g/cm3 ........................ 122	  
Table 4.6 X-ray linear coefficients of bread samples at 40, 60 and 80 kVp ................... 126	  
Table 4.7 X-ray photon energies (E) during the bread sample scans obtained from 
distilled water data .......................................................................................................... 126	  
 
ix 
 
ix 
Table .............................................................................................................................. Page 
Table 4.8 Values of x-ray system constant, c obtained from the x-ray linear attenuation 
coefficient of distilled water at the particular x-ray energies ......................................... 127	  
Table 4.9 Apparent densities of the sample using density equation and conventional 
technique ......................................................................................................................... 127	  
Table 4.10 X-ray linear coefficients of distilled water obtained on the microCT .......... 128	  
Table 4.11 X-ray photon energies (E) of microCT obtained from distilled water data .. 128	  
Table 4.12 Values of x-ray system constant, c obtained from the x-ray linear attenuation 
coefficient of distilled water for the micro CT (ScanCo, Inc) at the particular x-ray 
energies ........................................................................................................................... 129	  
Table 4.13 X-ray linear coefficient of a CT slice (0.036mm thickness) of a wheat bread 
sample compressed resulting in decreasing heights at different x-ray energies ............. 130	  
Table 4.14 Apparent densities of whole wheat bread compressed resulting in decreasing 
heights using density equation (4.21) and dimension technique .................................... 131	  
Table 4.15 X-ray linear coefficients of a CT slice (0.036mm thickness) of different 
porous food samples at different x-ray energies ............................................................. 132	  
Table 4.16 Apparent densities of porous foods determined using density equation (4.21) 
and conventional technique ............................................................................................. 133	  
Table 5.1 X-ray linear attenuation coefficients of pure food components at 60 kVp 
obtained on x-ray radiograph .......................................................................................... 149	  
Table 5.2 True density of fundamental food components obtained from gas-comparison 
pycnometer ...................................................................................................................... 150	  
 
x 
 
x 
Table .............................................................................................................................. Page 
Table 5.3 Contribution of x-ray linear attenuation coefficients from fundamental food 
components at 60 kVp .................................................................................................... 151	  
Table 5.4 Volume fraction of solid component of the foods .......................................... 152	  
Table 5.5 Porosity of foods obtained from linear attenuation coefficients and by 
calculation of apparent and true density ......................................................................... 153	  
Table 5.6 X-ray linear attenuation coefficient of fundamental food component samples 
(µs) at microCT x-ray voltages ........................................................................................ 155	  
Table 5.7 Bulk and true densities and volume fraction of the fundamental food 
component powders ........................................................................................................ 156	  
Table 5.8 X-ray linear attenuation coefficients (µi) of 100% pure fundamental food 
components at different microCT x-ray voltages ........................................................... 157	  
Table 5.9 Contribution of x-ray linear attenuation coefficient of fundamental food 
components at the particular x-ray voltages ................................................................... 158	  
Table 5.10 Volume fraction of solid component of the foods and corresponding porosity 
obtained from x-ray linear attenuation coefficients and by calculation (5.2.3) .............. 160	  
Table 5.11 Porosities of the whole wheat bread compressed to obtain decreasing heights 
using image analysis and calculation done in duplicate ................................................. 162	  
Table 5.12 True density using Choi-Okos equation  and apparent density using 
dimensions of the foods .................................................................................................. 164	  
Table 5.13 Porosities of foods using image processing & analysis and by calculation 
(5.2.3) .............................................................................................................................. 165	  
xi 
 
xi 
Table 5.14 Porosities obtained using x-ray linear attenuation coefficients, image 
processing & analysis and by calculation ....................................................................... 167	  
xii 
 
xii 
LIST OF FIGURES 
Figure ............................................................................................................................. Page 
Figure 2.1 Formation of Bremsstrahlung radiation ........................................................... 14	  
Figure 2.2 Formation of characteristic radiation ............................................................... 15	  
Figure 2.3 Photoelectric effect showing the x-ray photon incident on the K-shell electro 
and ejection of the inner-shell electron ............................................................................. 16	  
Figure 2.4 Compton effect resulting in ionization of target atom, change in photon 
direction and reduction of photon energy ......................................................................... 16	  
Figure 2.5 Mass attenuation coefficient (µ/ρ) of different materials as a function of 
energy ................................................................................................................................ 24	  
Figure 2.6 Calibration curve of the observed pixel intensity values vs. µe (where e = 
thickness, t). The linear coefficient factor µ was taken as the mass absorption (0.1 cm2) 
times the known density .................................................................................................... 25	  
Figure 2.7 Difference in digital radiography and tomography ......................................... 26	  
Figure 2.8 List of materials with decreasing radiographic opacity ................................... 27	  
Figure 2.9 X-ray CT scanner with single x-ray source and array of detectors ................. 32	  
Figure 2.10 Trade-offs of the parameters of MRI where (+) indicates an increase, (-) 
indicates a decrease, and (nc) indicates no change. .......................................................... 39	  
Figure 2.11 Simple depiction of a 3D scanning process ................................................... 42
xiii 
 
xiii 
Figure ............................................................................................................................. Page	  
Figure 3.1 Examples of scans conducted using a x-ray micro CT, and b clinical x-ray CT 
at Purdue University. ........................................................................................................ 90	  
Figure 4.1 Increasing slices of classic white bread, accompanied by distilled water and 
control ............................................................................................................................. 110	  
Figure 4.2 Linear plot of intensity against increasing height of classic white and whole 
wheat bread slices verifying Beer-Lambert’s law .......................................................... 110	  
Figure 4.3 Increasing quantities of 30 % Sucrose solutions, along with distilled water and 
control ............................................................................................................................. 111	  
Figure 4.4 Linear attenuation coefficient of the concentration of pure component sucrose 
obtained as a slope in a plot of x-ray intensity against thickness ................................... 112	  
Figure 4.5 Approximation of mass attenuation coefficient (µ/ρ) avg for food components at 
60 kVp given by the slope of the plot ............................................................................. 115	  
Figure 4.6 X-ray image of multi-component food samples; chocolate cake with creamy 
filling (on left) and mini blueberry muffins (on right) with containers for distilled water 
and control ...................................................................................................................... 120	  
Figure 4.7 Relationship of x-ray mass attenuation coefficient of water against photon 
energy (eV) from NIST data ........................................................................................... 123	  
Figure 4.8 Mass attenuation coefficient of water (µ/ρ) from NIST, against corresponding 
photon-energies, E (10k -300k eV) to obtain the Compton scattering coefficient (β) as the 
resulting intercept according to equation (4.22) ............................................................. 124	  
Figure 4.9 Linear attenuation coefficient (µ) of the bread samples obtained as a slope in a 
plot of x-ray intensity against thickness at 40 kVp ......................................................... 125	  
xiv 
 
xiv 
Figure ............................................................................................................................. Page 
Figure 4.10 Linear attenuation coefficient (µ) of the bread samples obtained as a slope in 
a plot of x-ray intensity against thickness at 60 kVp ...................................................... 125	  
Figure 4.11 Linear attenuation coefficient (µ) of the bread samples obtained as a slope in 
a plot of x-ray intensity against thickness at 80 kVp ...................................................... 125	  
Figure 5.1 Images of a single CT slice thresholded using Otsu’s algorithm depicting 
compressed wheat bread having similar thickness (0.036mm) ...................................... 161	  
Figure 5.2 Histogram of the pixels of an image of a CT slice of the sample showing the 
disparity between the background pixels (air) and foreground pixels (solid sample) for 
porous foods .................................................................................................................... 163	  
Figure 5.3 Images of a CT slice of a sample thresholded using Otsu’s algorithm ......... 163	  
APPENDICES 
Figure                                                                                                      Page 
Figure A. 1 Foods imaged using MRI (3T GE Signa HDx imager with EXCITE) at 
Purdue ............................................................................................................................. 174	  
Figure A. 2 Slices of the Classic white bread imaged using MRI (3T GE Signa HDx 
imager with EXCITE), Number of slices = 40 ............................................................... 175	  
Figure A. 3 Slices of the FiberOne cereal bar imaged using MRI (3T GE Signa HDx 
imager with EXCITE), Number of slices = 30 ............................................................... 175	  
xv 
 
xv 
LIST OF SYMBOLS 
µ :- X-ray linear attenuation coefficient, 1/cm 
ρ :- Density of a material, g/cm3  
(µ/ρ) :- X-ray mass attenuation coefficient, cm2/g  
β :- Compton scattering attenuation constant, cm2/g 
c:- X-ray system constant dependent on x-ray source and detector sensitivity 
t :- Thickness of material, cm  
I :- Intensity of x-rays after transmission through material 
I0 :- Intensity of x-rays incident on the material 
E :- Energy of the x-ray source, (photon energy), eV 
µs : - X-ray linear attenuation coefficient of solid portion of sample cm2/g  
µp :- X-ray linear attenuation coefficient of the powder sample, cm2/g 
µi : - X-ray linear attenuation coefficient of 100% pure food component cm2/g  
vs :- Volume fraction of the solid portion 
 
 
 
 
 
xvi 
 
xvi 
ABSTRACT 
 
 
 
Kelkar, Shivangi M. Ph.D., Purdue University, December 2013. Using X-Ray Imaging 
Techniques to Determine Density of Foods. Major Professor: Martin Okos. 
 
 
 
Density of foods is a physical property used to assess the quality of foods and also a 
conversion factor for upcoming dietary assessment methods utilizing mobile technology. 
Density depends on the experimental technique and structural properties of food. True, 
apparent and bulk are different types of densities. For porous foods such as baked food 
products and complex food systems, accurate measurement of density is challenging. 
Empirical correlations dependent on composition and temperature exist to calculate true 
density. Thus if composition and apparent density are known, porosity can be calculated, 
porosity = [1 – (apparent density/ true density)]. Various non-destructive diagnostic 
tools have been employed to study food microstructure. Among these, computed 
tomography (CT) and digital radiography (DR) utilizing x-ray imaging showed greater 
capability for evaluation of food density. The x-ray attenuation through materials is 
dependent on the chemical composition and is proportional to density as described by the 
Beer-Lambert’s law. This relationship forms the hypothesis of this study. The proposed 
experiments were conducted to verify and develop this hypothesis further for food 
systems. The objectives of this study were 1) To determine the strengths and limitations 
of traditional and conventional density measurement techniques, 2) To determine the 
xvii 
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apparent density of food materials using x-ray linear and mass attenuation coefficients, 
and 3) To determine porosity of food materials using x-ray linear attenuation coefficients 
and image processing & analysis. Traditional density measurement techniques were 
operator-dependent and appropriate selection was necessary according to the nature and 
type of food. X-ray DR was effectively used to determine x-ray linear and mass 
attenuation coefficients of fundamental pure components of foods. Further, x-ray mass 
attenuation coefficients were used to directly determine the apparent density of food 
materials with known sample thickness. On comparison with density obtained from 
external dimensions, density determined from mass attenuation coefficient resulted in SD 
= 0.125 g/cm3 between the two methods for the same foods. In a different approach, 
apparent density was determined directly from linear attenuation coefficients by scanning 
at two energy levels using apparent density equation without any external measurement. 
Several liquid foods were also analyzed to establish the method. On comparison with 
density obtained from external dimensions, density determined from linear attenuation 
coefficients resulted in SD = 0.052 g/cm3. Porosity was determined directly from linear 
attenuation coefficients and food composition. However on comparison to porosity 
determined by calculation, porosity values resulted in SD = 0.137 for DR whereas SD = 
0.167 for CT measurements. A mathematical technique based on Otsu’s algorithm was 
used to determine porosity by analyzing x-ray images resulting in SD = 0.083 on similar 
comparison. Alternatively, porosity from apparent density obtained from x-ray linear 
attenuation coefficient resulted in SD = 0.06 on comparison. Thus, the potential of x-ray 
imaging via DR and micro CT to determine apparent density and porosity of foods was 
effectively demonstrated for foods with varying porosities. 
1 
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 INTRODUCTION CHAPTER 1.
Quality of food materials is assessed by measuring their density. Density data of foods is 
required in separation processes and in pneumatic and hydraulic transport of powders and 
particulates (Rao et al., 2005). Apart from these, for upcoming novel dietary assessment 
technologies using mobile phones, to successfully convert digital volume estimates to 
gram weights, foods require a density value (Six et al., 2010).  
 
Density is a physical characteristic, which depends on the experimental technique and 
structural properties of food. Although density of a material is commonly defined as 
density = [mass (g)/volume (cc)], there are different of types of densities. Appropriate 
density value needs to be selected according to the type of density desired (Rahman, 
2009).  
 
Porous foods are mostly grain or cereal food products. The challenges of pores in food lie 
in their measurement and their behavior. Issues such as bubble size distributions, air 
contents, surface chemistry, rheology, diffusion are common across diverse range of 
aerated (porous) foods. Bread is a classic example of an aerated food. Its unique structure 
is due to the gluten proteins of wheat that form a viscoelastic, strain-hardening network 
capable of expanding to retain gas. The scope and variety of other baked foods such as 
biscuits, cakes, cookies, etc, is too huge to list comprehensively. 
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Optical methods have recently been used to study food microstructure. Photographic 
recording of images from macro cameras and microscopes is widely used for obtaining 
images of food structure. Flat-bed scanners and digital cameras have been used for 
scientific imaging of foods. Several types of microscopes are used to produce images. 
Digital image analysis has the ability to provide in-depth information of the physical 
structure of the food giving a better understanding of food systems. Computed 
tomography (CT), Magnetic Resonance Imaging (MRI), Scanning Electron Microscope 
(SEM), and high-definition digital cameras are currently being used on a wide-scale to 
understand complex food systems (Russ 2005).  In particular, CT has been found to be a 
useful tool for studying porous food structure. X-ray imaging is a non-destructive and 
non-invasive technique, capable of providing both porosity and volume information.  It 
requires no sample preparation and has been successfully used to study a variety of food 
products. Geometrical characterization of food products was successfully shown using 
3D scanners for food process modeling (Uyar 2009). Laborious efforts were saved and 
errors decreased using a 3D laser scanner for volume estimation from the acquired 3D 
digital images of irregular foods. The use of such imaging technology gives us a full 2D 
and/or 3D image of the food and image analysis of the size, shape, networking, 
connectivity and distribution of various phases of the food is possible.  
 
1.1 Problem Statement 
 
The density of food materials is not readily available. The determination of the mass is 
straightforward, but volume is difficult. Existing tools and techniques are insufficient for 
3 
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measurement of porous foods and food mixtures. Food materials are naturally irregular in 
shape, so accurate prediction of volume is challenging. The use of traditional 
displacement techniques is laborious and a large possibility of inaccuracy exists. Density 
measurement of porous foods (e.g. cake, bread) and food mixtures (e.g. breakfast cereal, 
salad) is challenging. For such foods, these measurements are not always possible using 
traditional techniques or by 2D image analysis using statistical techniques. The variability 
in results and tedious nature of the traditional measures reveals that credible methods and 
precise analytical methods are needed to reduce variability and measure density. Instead 
of measuring volume and mass separately, a different approach to determine density of a 
material directly will be explored.  Imaging techniques have shown great ability to 
understand food microstructure. Different imaging techniques were investigated to 
determine density of the foods. Among them, x-ray imaging has potential of estimating 
density based on the x-ray attenuation coefficients of the material. Thus, the scope of this 
research will be focused on the use of x-rays for complete density information of food 
systems.  
 
1.2 Research Hypothesis 
 
X-ray imaging can be used to determine density of food materials. The Beer-lambert’s 
law relates that x-ray intensity is a function of the attenuation of the x-rays through a 
material and dependant on the density of the material. Thus, it can be quantified to 
determine density of food materials. Due to complex and non-uniform structure of foods, 
estimations based on fundamental food compositions can be derived to establish the 
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foundation of the density quantification. Similarly porosity can be quantified from the x-
ray attenuation. Additionally by quantifying  porosity, an indirect approach to determine 
directly is possible.   
 
1.3 Proposed Research Objectives 
 
 The research objectives are as follows, 
1. To determine the strengths and limitations of traditional and conventional density 
measurement techniques 
2. To determine apparent density of food materials using x-ray linear and mass 
attenuation coefficients  
3. To determine porosity of food materials using x-ray linear attenuation coeffcients and 
image processing & analysis 
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 LITERATURE REVIEW CHAPTER 2.
2.1 Density and its Definitions 
 
Density of foods can be classified into three main types. True density is defined as the 
density of the pure substance or material determined from its component densities 
considering conservation of mass and volume. Apparent density is the density of a 
particle including all pores (porosity) remaining in the material. Bulk density is density 
when particles are packed or stacked in bulk including void spaces (void fraction). Some 
of these terms have been used interchangeably, e.g. Lozano et al. (1983) called “apparent 
density” as “bulk density” and Teotia & Ramkrishna (1989) called “substance density” as 
“true density”.  
 
A gas comparison pycnometer can be used to measure the true density of foods 
(Mohsenin, 1970). Commercial gas pycnometers use air, nitrogen, or helium to measure 
the volume of the solid portion of the food (Tamari, 2004, Karathanos et al., 1996; 
Rahman et al., 1996). Mercury porosimeters have been used to measure true density with 
no guarantee that mercury has occupied all the pores of the food at high pressures 
(Rahman at al., 2002a). 
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Solid and liquid displacement techniques have been used to determine the apparent 
density of food samples. The solid displacement method using rapeseed is recommended 
for the determination of volume of baked products such as bread (AACC, 2000; Rahman, 
2001). The dimension measurement technique is simple and effective wherein the volume 
is determined from the characteristic dimensions of the food using vernier caliper or 
micrometer. Apparent density can also be calculated by the buoyant force method and has 
been used on a large scale for fruits and vegetables. Samples have been wrapped in 
cellophane, polythene, or coated with a thin layer of varnish, wax or silicon grease to 
make them water-resistant (Loch-Bonazzi et al. 1992, Lozano et al. 1980). To avoid 
floating of sample, a liquid of lower density or a sinker rod has been used (Mohsenin, 
1980; Ramaswamy & Tung, 1981).  For liquids, specific gravity bottles have been used 
with toluene as a reference liquid (Mohsenin, 1986).  
 
Methods for determining bulk density involve determining the weight of the volume of 
the food using household measures (e.g., 1 cup, 1 tablespoon).  
 
A large number of empirical equations and models exist to determine density of foods.  
However, factors such as the formation of air phase or pores, swelling or anti-swelling of 
the solid phases, loss of volatiles, and interaction of constituent phases were not taken 
into consideration while developing these models (Rahman, 2009). Empirical correlations 
for true density of major food components dependent on temperature and composition 
between a temperature range of -40˚ C and 150˚ C have been compiled by Choi & Okos 
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(1985) as shown in Table 2.1. The density model adopted was a function of weight 
fractions of the major pure components in food products.  
 
Table 2.1 Choi-Okos true density equations for pure food components 
Material Equation 
Air ρ = 12.847 – 3.2358 x 10-3T 
Protein ρ = 1330 – 0.5184T 
Carbohydrate ρ = 1599.1 – 0.31046T 
Fat ρ = 925.59 – 0.41757T 
Fiber ρ = 1311.5 – 0.36589T 
Ash ρ = 2423.8 – 0.28063T 
Water ρ = 997.18 – 3.1439 x 10-3 t - 3.7574 x 10-3 T2 
Ice ρ = 916.89 – 0.1307T 
ρ = true density and T = temperature in °C 
 
For certain foods, a difference in apparent and true density is observed. These are porous 
foods and can be described as having porosity, calculated using the equation, porosity = 
[1 – (apparent density/ true density)].  
 
Porosity is an important property that characterizes the texture and quality of dry and 
intermediate moisture foods. Porosity is also important in frying since it affects the oil 
uptake of the product. Porosity is one of the most important quality properties of grain 
products. Porosity data is required in modeling and design of various heat and mass 
transfer processes such as drying, frying, baking, heating, cooling, and extrusion. It is an 
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important parameter used for predicting diffusion properties of cellular foods. It is 
defined as the volume fraction of air or the void fraction in the sample. Porosity can be 
determined from the difference of bulk volume of a piece of porous material and its 
volume after destruction of all voids by compression. It can only be applied if the 
material is soft and no attractive or repulsive forces are present between particles of solid. 
Porosity can also be determined by various optical methods wherein a microscopic view 
of a section of the porous medium is analyzed using suitable software. In this case, it is 
assumed that the sectional porosity represents the porosity of the whole sample. Porosity 
can also be calculated from the measured densities as described earlier (Rao et al., 2005). 
Air comparison pycnometers, mercury porosimeters can also be used to determine 
porosity. The presence pores and degree of porosity affect the mechanical properties of 
food materials (Guraya & Toledo, 1996). 
 
2.2 Density Variation 
 
The variation in density of foods has been reviewed by Boukouvalas et al. (2006) for true 
density, bulk density and porosity. Structural properties of foods namely density, porosity, 
particle size, and shape are affected by moisture, material morphology, processing 
methods, and environmental conditions. As a result, a range of values for density has 
been shown to exist for any particular food item. The data for density are available either 
tabulated or as an equation in the form of a function of different parameters such as 
moisture content, temperature, etc.  
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Measurement technique 
As noted earlier, the methods used to measure density vary with the type of food item. 
The density of various food items has been measured using fluid displacement techniques 
using water, toluene, ethanol or even motor oil. The density of a cucumber was measured 
with ethanol (Fasina & Fleming, 2001) while that of cherry fruit was measured using 
toluene (Calisir & Aydin, 2004). The bulk density of ground beef patty was measured 
using motor oil because of the high viscosity of oil (Pan & Singh, 2001). Air comparison 
pycnometer and mercury porosimeter gave different density values (1.310 g/cc and 1.220 
g/cc respectively) for a fixed bed air-dried chicken white meat (Farkas & Singh, 1991). 
The apparent density of a golden delicious variety of apple was found to be 0.819 (+ 
0.034) g/cc (Funebo et al., 2000) and also 0.764 (+ 0.030) g/cc (Mujica-Paz et al., 2003). 
Small differences, such as these, may be due to many factors such as measurement 
techniques or growing conditions.  
 
Composition and variety 
The composition or variety of food item also alters the density value.  The 
aforementioned difference in density of apples could also be a result of the diversity in 
the apple type although they belong to the same variety. The density of different apple 
and squash varieties has been reported as shown by Rahman (1995) and Rao et al. (1975). 
The density of fruit juices varies with concentration of soluble solids. Ramos & Ibarz 
(1998) found the same for a concentration range (10 – 60 °Brix) for orange and peach 
juices. Table 4 shows the range of densities recorded for different components and 
constituents of beef as a function of temperature and moisture (Rahman, 1995; McDonald 
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& Sun, 2001; Pan & Singh, 2001; McDonald et al., 2002). The bulk density of beef was 
determined by geometric measurement using vernier calipers and by the liquid 
displacement method. 
 
 Process 
The processing methods influence the structural properties of food, thus affecting 
porosity and density.  For example, freeze-drying results in a highly porous material with 
low apparent density. The effect of drying on the density and porosity of the material has 
been studied by Krokida et al. (1997, 2001).  The effect of frying on density of french 
fries showed that the porosity increased with increasing oil temperature and sample 
thickness. The quality of oil also influenced the porosity. The porosity was found higher 
for products fried with hydrogenated oil (Krokida et al., 2000).   
 
Temperature  
The effect of temperature on the density of food can be observed from the empirical 
equations derived to measure density. The majority of the data available in the literature 
and the models retrieved from experimental data determine true density (Rahman, 2009). 
A large number of empirical equations have been proposed for the density determination 
of liquid foods as a function of temperature or composition of food. Apart from the 
earlier mentioned Choi-Okos (1985) equation, many other equations exist in the literature.  
 
For instance, the density of milk as a function of temperature was developed by Short 
(1955), 
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Whole milk: ρ = 1035.0 – 0.358T + 0.0049T2 – 0.00010T3 
Where ρ = density and T = temperature in °C 
 
Skim milk: ρ = 1036.0 – 0.146T + 0.0023T2 – 0.00015T3 
Where T = temperature in °C 
 
For fruit juices, the density versus the refractive index of sugar solution was estimated by 
Riedel (1949), 
ρ = υ2 - 1   (62.4) 16.0185 
       υ2 + 2   0.206 
Where υ is the refractive index 
 
A general equation was developed by Lozano et al. (1983) to predict the density of fruits 
and vegetables during air drying. The following equation was found to predict density of 
selected fruits and vegetables, 
ρ = g + hy +q[exp(-ry)] 
where g, h, q, and r are parameters which depend on the food  
and y = Mw/Mwi where Mw and Mwi are final and initial moisture contents respectively 
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2.3 Image Acquisition Techniques for Food 
 
2.3.1 X-ray Imaging Techniques 
 
Roentgen discovered x-rays in 1985 when a sheet of paper coated with barium 
platinocyanide fluoresced when impacted with x-rays. X-rays are a form of 
electromagnetic radiation (0.01-10 nm) that travels through space as a combination of 
electric and magnetic fields. X-rays have a number of useful physical characteristics such 
as they act like waves when traveling through space while they act like particles when 
interacting with matter. X-rays travel at the speed of light in straight lines and diverge 
from a point source. Since x-rays are not affected by magnetic fields they cannot be 
focused or steered.  
 
Basic Components of an x-ray tube 
An x-ray tube consists of an air evacuated glass envelope, as vacuum is necessary to 
prevent accelerated electrons form colliding with air molecules. The cathode is a wire 
filament (usually tungsten) that is the source of the electrons and the anode is a tungsten 
disc that acts as the target for the electrons. Other components such as cooling 
mechanisms, the window of the tube etc. are also necessary. Modern x-ray machines are 
basically of three types namely, film, linescan, and direct detection semiconductor 
material or x-ray fluoroscopy. Film is most widely used in medical, dental fields and 
quality inspection of foods. Linescan type machines are common in airports for luggage 
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inspection. A variation of linescan imaging, which allows three-dimensional images, is 
computed axial tomography (Wright 2002). 
 
When the electrons from the cathode hit the tungsten anode they give up their energy in 
two ways, 
 
Bremsstrahlung Radiation:  
 
Figure 2.1 Formation of Bremsstrahlung radiation 
 
As the electron hits the anode, it passes near the nucleus of the tungsten atom. The 
attractive force of the nucleus causes the path of the electron to bend around the nucleus. 
Kinetic energy is lost as the electron path bends. This energy is given off as heat (99%) 
and x-rays (1%).  
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Characteristic Radiation:  
 
Figure 2.2 Formation of characteristic radiation 
 
The electron may also hit directly another electron in the inner shell of the tungsten atom. 
The electron it hits is ejected creating a vacancy in the electron shell. This vacancy is 
filled by an electron from a higher shell. As the new electron drops into the lower shell, 
energy is released in the form of an x-ray. The energy of the released x-ray is equal to the 
difference between the binding energy of the two electron shells involved. The resulting 
beam is composed x-rays of many different energies.  The amount of heat generated is 
large and a rotating anode is used dissipate the heat. The anode spins, and the electron 
beam interacts with the new part of anode (Wright 2002). 
 
X-ray interaction with matter 
When radiation hits matter, it transmits, absorbs or gets scattered. The interaction that 
predominates depends on energy of the x-rays, atomic number of the absorber and the 
thickness and density of the object. When x-rays hit with matter, the following 
interactions take place, 
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Figure 2.3 Photoelectric effect showing the x-ray photon incident on the K-shell electro 
and ejection of the inner-shell electron 
 
The x-ray enters an atom of the object and imparts all its energy to an inner shell electron 
which is ejected from its orbit. An outer shell electron fills the remaining void in the 
electron shell. The ejected electron, called a photoelectron, has low energy that is 
dependent on the level of the electron shell and the binding energy of that atom. Since the 
binding energies are so low, the resulting photoelectron cannot escape the object. 
 
In general, at x- ray energy levels used in diagnostic radiology, only tissues composed of 
high atomic number elements undergo photoelectric interactions. Since most of the 
tissues of the body are composed carbon and hydrogen rather than calcium these tissues 
undergo Compton scattering. 
 
 
Figure 2.4 Compton effect resulting in ionization of target atom, change in photon 
direction and reduction of photon energy 
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During Compton scattering, the incident x-ray photon only imparts some of its energy to 
an outer shell electron. This causes a loosely bound electron to leave its orbit with the 
incident x-ray photon retaining sufficient energy to continue in a new direction with a 
lower energy level. This subsequent low-energy x-ray photon is called scatter. The 
probability of a Compton interaction is equal for all material on a gram for gram basis. 
The probability of a Compton interaction increases with increasing density of the 
absorber. The probability of a Compton interaction increases with increased patient 
thickness. The probability of a Compton interaction increases with higher x-ray energies. 
Therefore, x-ray beams with a higher KeV create more scatter. Unfortunately, high-
energy beams are oftentimes necessary to produce a quality radiograph (Wright 2002). 
 
X-ray attenuation  
Differences in the linear attenuation coefficients within a material are responsible for the 
x-ray image contrast (Falcone at al., 2006).  Beer-Lambert’s law relates the absorption of 
light to the material through which the light passes. It describes the exponential 
attenuation of intensity for x-ray photons as they traverse a target material as follows 
 
Where I = intensity of transmitted x-rays 
I0 = intensity of incident x-rays 
µ = linear attenuation coefficient 
t = thickness of material through which x-rays have traveled 
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Attenuation is a result of absorption and scattering due to photoelectric and Compton 
effect. The total attenuation is then given by  
 
Where  is the linear attenuation coefficient resulting from photoelectric absorption and 
 is the linear attenuation coefficient resulting from the Compton effect.  
 
Mass attenuation coefficient  
Linear attenuation coefficient is dependent on the density of a material. For example, 
µ vapor < µ ice < µ water 
 The linear attenuation for water vapor is much lower than ice as the molecules are more 
spread out in vapor so the chance of a photon encounter with a water particle is 
less.  Normalizing µ by dividing it by the density of the element or compound will 
produce a value that is constant for a particular element or compound.  This constant (µ/ρ) 
is known as the mass attenuation coefficient and has units of cm2/g (Bushberg, 
2002). Thus, the mass attenuation coefficient is independent of density. Therefore, for a 
given photon energy, 
(µ / ρ) vapor = (µ /ρ) ice = (µ/ρ) water 
 
The linear attenuation coefficient increases with increasing density. As x-ray intensity 
depends on the density and thickness of the material (Schram, 2001), the linear 
attenuation coefficient can be written as  
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Where  is the mass attenuation coefficient, 
ρ is the density of the material 
 
The Beer-Lambert’s equation can be re-written as,  
 
Where mass thickness,  x = ρt 
 
Hence,  
 
The International Union of Crystallography (IUCr) X-ray Attenuation Project has 
evaluated various experimental arrangements and techniques for the determination of µ/ρ 
and tabulated the measured values for a range of elements, compounds and mixtures 
(Hubbell, 1994) (http://www.nist.gov/pml/data/xraycoef/index.cfm). These tabulations 
depend on the theoretical considerations for the determination of µ/ρ,  
 
Where u = atomic mass unit (1/12 of mass of an atom of the nuclide 12C) = 
1.6605402 × 10-24 g (Cohen and Taylor 1986), 
A = relative atomic mass of the target element 
 = total cross section for photon interaction (in barns/atom, b = 10-24 cm2)  
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The attenuation coefficient and photon interaction cross sections are functions of the 
photon energy. The total cross section can be written as the sum over contributions from 
the principal photon interactions,  
 
where σpe is the atomic photo effect cross section, σcoh and σincoh are the coherent 
(Rayleigh) and the incoherent (Compton) scattering cross sections, respectively, σpair and 
σtrip are the cross sections for electron-positron production in the fields of the nucleus and 
of the atomic electrons, respectively, and σph.n is the photonuclear cross section.  
Values for the relative atomic mass A of the target elements were taken from Martin 
(1988).  
 
Atomic photoeffect:  
For photon energies from 1 keV to 1.5 MeV, values of the photoelectric cross section, σpe, 
are those calculated by Scofield (1973), based on his solution of the Dirac equation for 
the orbital electrons moving in a static Hartree-Slater central potential. His data were 
extended to higher energies (where the photoelectric cross section is quite small) by 
connecting them to the high-energy asymptotic values of Pratt (1960) through use of a 
semi-empirical formula (Hubbell, 1969).  
 
Coherent and incoherent scattering:  
Values for the coherent (Rayleigh) scattering cross section, σcoh, are taken from Hubbell 
and Overbo (1979). Values for the incoherent (Compton) scattering cross section, σincoh, 
are from Hubbell et al. (1975). 
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Electron-positron pair and triplet production cross section:  
Cross sections for the production of electron-positron pairs (e-, e+) in the field of the 
atomic nucleus, σpair, and for the production of triplets (2e-, e+) in the field of the atomic 
electrons, σtrip, are taken from the compilation of Hubbell et al. (1980).  
For composite materials, the individual contributions of chemical elements are summed 
for total intensity,  
 
Alternatively, when the composite material of a single thickness is a homogeneous 
mixture of different chemical elements, the linear attenuation coefficient can be 
calculated as, 
ii
i
i ρ
ρ
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Simple additivity has been used to determine the values of the mass attenuation 
coefficient, µ/ρ, for the different mixtures and compounds (assumed homogeneous), 
(http://www.nist.gov/pml/data/xraycoef/index.cfm) 
 
Where wi is the fraction by weight of the ith atomic constituent. 
 
The values of the mass attenuation coefficient, µ/ρ, for photon energies 1 keV to 20 MeV, 
including all absorption edges, are given for all elements Z = 1 to 92 and for 
48 compounds and mixtures of radiological interest. Graphs of µ/ρ are presented for all 
materials and the values of Z/A, the mean excitation energy I, and the density used in the 
22 
 
22 
calculations of µ/ρ including the fractions by weight, wi of the constituent elements 
assumed for each material are documented in a database by National Institute of 
Standards & Technology (http://www.nist.gov/pml/data/xraycoef/index.cfm). The mass 
attenuation coefficient (µ/ρ) values of a few elements and mixtures as a function of 
photon energy are given below in Table 2.2 and Table 2.3. 
 
Table 2.2 Values of mass attenuation coefficient (µ/ρ) as a function of photon energy for 
elemental media 
Energy (keV) Element µ/ρ  (cm2/g) 
40 Hydrogen 0.3458 
 Carbon, Graphite 0.2076 
 Oxygen 0.2585 
 Nitrogen 0.2288 
 Calcium 1.830 
50 Hydrogen 0.3355 
 Carbon, Graphite 0.1871 
 Oxygen 0.2132 
 Nitrogen 0.1980 
 Calcium 1.019 
60 Hydrogen 0.3260 
 Carbon, Graphite 0.1753 
 Oxygen 0.1907 
 Nitrogen 0.1817 
 Calcium 0.6578 
80 Hydrogen 0.3091 
 Carbon, Graphite 0.1610 
 Oxygen 0.1678 
 Nitrogen 0.1639 
 Calcium 0.3656 
1 X 103 Hydrogen 0.1263 
 Carbon, Graphite 0.0636 
 Oxygen 0.0636 
 Nitrogen 0.0637 
 Calcium 0.0638 
 
 
23 
 
23 
Table 2.3 Values of mass attenuation coefficient (µ/ρ) as a function of photon energy for 
compounds and mixtures 
Energy (keV) Compound/ Mixtures µ/ρ  (cm2/g) 
40 Air, Dry 0.2485 
 Adipose tissue 0.2396 
 Bone 0.6655 
 Lung tissue 0.2699 
 Glass. Lead 10.93 
 Water, liquid 0.2683 
50 Air, dry 0.2080 
 Adipose tissue 0.2123 
 Bone 0.4242 
 Lung tissue 0.227 
 Glass. Lead 6.1634 
 Water, liquid 0.2269 
60 Air, dry 0.1875 
 Adipose tissue 0.1974 
 Bone 0.3148 
 Lung tissue 0.2053 
 Glass. Lead 3.843 
 Water, liquid 0.2059 
80 Air,dry 0.1662 
 Adipose tissue 0.1800 
 Bone 0.2229 
 Lung tissue 0.1826 
 Glass. Lead 1.869 
 Water, liquid 0.1837 
1 X 103 Air,dry 0.0636 
 Adipose tissue 0.0708 
 Bone 0.0657 
 Lung tissue 0.0701 
 Glass. Lead 0.0691 
 Water, liquid 0.0707 
 
The linear attenuation coefficient depends on the energy (voltage dependent). At energies 
around 1 MeV, the attenuation factors of different materials is found to be similar as 
shown in Table 2.2 and Table 2.3. The same can be observed for iron, uranium, iodine, 
and tungsten as observed in figure 5 (Schram 2001). However, x-ray devices produce 
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photons with the energy range of 0-200 keV up to 0-2 MeV depending on the operating 
voltage. 
 
 
Figure 2.5 Mass attenuation coefficient (µ/ρ) of different materials as a function of 
energy 
 
Around 1 MeV the value for (µ/ρ) is approximately 0.1cm2/g for most elements (Figure 
2.5).  A calibration curve (figure 6) can be constructed using this (µ/ρ) value, for a 
material with known density and thickness (Schram 2001),  
 
 
A calibration curve between pixel intensity and µt for zinc, tungsten, metal iodide 
cladding materials as shown in Figure 2.6 shows a clear correlation (Schram 2001).  
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Figure 2.6 Calibration curve of the observed pixel intensity values vs. µe (where e = 
thickness, t). The linear coefficient factor µ was taken as the mass absorption (0.1 cm2) 
times the known density 
 
The mass attenuation coefficient is approximately constant for different materials in a 
specified energy range. Hence, the linear attenuation coefficient is strongly determined 
by density of the material (Schram, 2001).  
 
Acquiring a digital radiograph 
An x-ray radiograph is a two-dimensional (2-D) projection of a three-dimensional (3-D) 
object onto an image plane. An x-ray source and linear detector array (LDA) scan 
vertically past a stationary object when acquiring a radiograph, while a rotating object sits 
between a stationary x-ray source and LDA when acquiring a tomography as shown in 
the figure below. 
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Figure 2.7 Difference in digital radiography and tomography 
 
There are many variations in the types of sources, detectors, and motions used to collect 
image data. In an ideal situation, the detector records only the radiation that has passed 
through the object without interaction with the object. Radiation that is attenuated 
(absorbed or scattered) by the object would not arrive at the detector and the detector 
would reject radiation that has scattered in the detector. Radiation that travels through 
greater material thickness or through higher density material is attenuated more than 
radiation that travels through shorter paths or lower density material. Thus, the intensity 
of radiation arriving at the detector is lower for greater material thickness (longer paths) 
or higher densities in the object and the intensity is higher for short paths or lower 
densities in the object. The relative difference in x-ray intensity through different parts of 
the object is displayed as a difference in pixel intensity in the corresponding image. The 
image is referred to be displayed either as a ‘positive’ (longer path lengths though the 
same material appear darker than shorter ones) or a ‘negative’ (longer path lengths are 
displayed brighter than shorter ones) (Pink et al., 2008).  
 
 
 
27 
 
27 
Radiographic opacity 
Opacity is the description of radiographic appearance of the object. Whiter areas are more 
opaque than black ones on a radiograph.  
 
Figure 2.8 List of materials with decreasing radiographic opacity 
 
The list in Figure 2.8 is organized in order of radiographic opacity; from radiopaque to 
radiolucent; from more opaque to less opaque; from white to black. The density of the 
object determines the radiographic opacity. Since the radiograph is a two- dimensional 
representation of a three-dimensional object, the concept of thickness plays an important 
role. Therefore, when two objects overlap, the overlapping portions will have an apparent 
opacity equal to the sum of the density of the two objects alone. 
 
The factors that control the exposure on a radiograph are mAs and kVp. mAs is the 
product of  milliamperage and second. mAs describes the amount of current applied to 
the cathode,  the number of electrons that are released at the cathode filament and  the 
number of x-ray photons produced by the anode. kVp describes the electrical potential 
across the x-ray tube when x-rays are produced.   
 
Contrast is the opacity difference between adjacent areas on radiograph. A high contrast 
image only has a few shades of gray between the lightest and darkest areas of the 
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radiograph. High mAs and low kVp exposure factors are one method of achieving a short 
scale of contrast. 
 
Finally, in radiography objects that are farther from the film will be magnified to a 
greater degree than objects closer to the film. 
 
2.3.1.1 X-ray Digital Radiography (DR) 
 
In film- based radiography, x-rays pass through the sample and fall upon a film to form a 
latent image. Chemical processing renders that latent image visible and is displayed on a 
lightview box for viewing and interpretation. The film image appears with varying 
degrees of blackening depending on the amount of exposure. More exposure produces 
more blackening and less exposure produces less blackening. This blackening is referred 
to as ‘film density’ and the difference in densities is the film contrast. In other words, the 
film converts the radiation transmitted into film contrast. The image on a lightview box 
can be measured using a densitometer for the varying degree of darkness and is referred 
to as ‘optical density’.  However, the limitations of film-screen are the poor image quality 
due to over or under exposure, limited optical range and contrast for films (Seeram, 2010). 
Additionally, film requires an interconnected processing system that allows for clinician 
error in exposing and/or developing, which can affect the quality of the image (Spiller, 
2010). 
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Digital radiography (DR) is referred to as filmless radiography. The detectors measure 
and convert x-ray attenuation data from the sample into electronic signals that are 
subsequently converted into digital data for processing by a computer (Korner et al, 
2007). Digital radiology consists of 3 main systems: direct, semi-indirect, and indirect. 
The indirect system involves scanning of the traditionally exposed film to convert it to 
digital format. The semi-direct method uses a photo-stimulable phosphor (PSP) known as 
a ‘storage phosphor plate’ to temporarily store the image. The plates are covered with 
phosphor crystals that temporarily store the energy of the x-ray protons forming a latent 
image, similar to the one formed on an x-ray film. The plates are then put into a scanner 
connected to a computer to transfer the image. This transfer must be carried out in 
darkness or the ambient room light will erase the plates.  The plates are laid out in bright 
light to erase the stored image and for reuse. 
 
The direct system is done with a solid-state sensor. Amongst the two types of sensors 
used, the most widely used is the charge-coupled device (CCD) and the recently 
developed CMOS sensor. A CCD is a semiconductor chip with a rectangular grid atop, 
containing millions of light-sensitive elements on a scintillation layer, used for converting 
light images into electrical signals.  When an image is taken each of the millions of light 
sensitive elements underlying the scintillation layer convert the light photons into an 
analog electrical impulse.  These impulses are then converted into digital numbers 
between 0 and 65536 (for the newest generation of sensors).   The numbers transmitted 
correspond to the intensity of the light transmitted to each element in the rectangular 
array.  In this way, the image is converted to millions of tiny digital picture elements 
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(pixels), which are reassembled by the computer into a coherent image. As the 
radiographs are monochrome, the CCD's do not contain color filter arrays for each pixel. 
 
The other type of sensor not as widely used, is the complementary metal oxide 
semiconductor (CMOS) chip. The primary difference in the CMOS sensor is that the 
electronic components are integrated inside the electronic chip instead of having a 
scintillation layer like the CCD sensor.  Although time and money is saved to produce the 
CMOS sensors with an internal mechanism, the CCD is used more often as it was 
available first in the market. However, there is no difference in the quality of the images 
by either method (Spiller 2010).  
 
Windowing (Gray-scale mapping) 
Windowing is the most commonly used image processing operation, also known as 
contrast stretching, contrast enhancement, or histogram modification. It is used to change 
the contrast and brightness of an image. A digital image is made up of numbers, the range 
of numbers is defined as the window width (WW) and the center of the range is defined 
as the window level (WL). The WW controls the image contrast and the WL controls the 
brightness of the image. In a radiographic image, the displayed gray levels will range 
from (-1/2WW+ WL) to (+1/2WW + WL) (Seeram 2009). The numbers above the 
maximum are assigned 255 and those below the minimum are assigned 0. A narrow WW 
provides a higher image contrast whereas an increase in WL darkens the image as more 
of the lower numbers are displayed.   
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2.3.1.2 Computed Tomography (CT) 
 
 Tomography is defined as the quantitative description of a slice of matter within an 
object. Synchrotron radiation (SR) sources based on high-energy electron accelerators 
producing electromagnetic radiation that covers a wide spectral range from the far 
infrared to hard X-rays can be used for such tomographic applications. In particular x-
rays sources are widely used in both the medical and industrial fields. The experimental 
implementation of tomography requires an X-ray source, a rotation stage, and a 
radioscopic detector (Falcone et al, 2006). 
 
A complete analysis is made by acquiring typically about 1000 of radiographs of the 
same sample under different viewing angles. A final computed reconstruction step is 
required to produce a 3D map of the linear attenuation coefficients in the material. This 
3D map indirectly gives a picture of the structure density. 
 
Computed tomography (CT) is a medical imaging method, which generates cross-
sections of 3D image of an object from a large series of 2D images taken around a single 
axis of rotation. An x-ray tomograph is a cross-sectional view of a 3-D object as if the 
object was sliced in two and viewed at the cutting plane (Pink et al., 2008).  CT uses 
ionizing radiation in the form of x-rays to acquire images.  X-rays are electromagnetic 
radiation (0.01-10 nm), which can examine elements of higher atomic number than their 
surroundings resulting in x-ray attenuation to generate image contrast. In case of 
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microCT, the term micro indicates that the pixel sizes of the cross-sections are in 
micrometer range.   
 
Figure 2.9 X-ray CT scanner with single x-ray source and array of detectors 
 
The above Figure 2.9 shows an x-ray CT scanner containing a single x-ray source and an 
array of x-ray detectors. The x-ray tube and collimator on one side and the data 
acquisition/detector unit on the other side rotate at a steady rate, and the sample (patient) 
is stationary between them. Shooting a fan beam of x-rays through the sample at regular 
intervals and detecting them on the other side builds a two-dimensional x-ray projection 
of the sample. The brightness at a point is indicative of the total attenuation of the x-rays 
from the source to the detector. The fan beam of x-rays from the source to the detector 
determines a slice of the sample. Data are collected for a number of fixed positions of the 
source and detector referred to as views. The intensities in the detector readings for all 
views are proportional to the line integrals of the x-ray attenuation coefficient between 
the corresponding source and detector positions. From these line integrals, a two-
dimensional image of x-ray attenuation coefficient distribution in the slice of the body 
can be obtained. Image reconstruction from projections is the process of producing an 
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image of a two-dimensional distribution (usually of some physical property) from 
estimates of its line integrals along a finite number of lines of known locations (Herman, 
2009). Different tissues have different x-ray attenuation coefficients, which help 
distinguish organs and tissues from tumors.  
 
Attenuation: 
Attenuation in CT depends on effective atomic density (atoms/volume), the atomic 
number and the photon energy. In a homogenous (monochromatic) beam, all photons 
have same energy, whereas in a heterogeneous beam (polychromatic) the photons have 
different energies. The goal of the CT is to calculate the linear attenuation coefficient µ 
which is a quantitative measurement with a unit of per cm. As described earlier, the Beer-
Lambert’s equation, 
 
 
In CT, the values of I and I0 and thickness t can be measured by the detector, and hence µ 
can be calculated. The above equation only applies to homogenous beam. The attenuation 
of a heterogeneous beam is different than that of a homogeneous beam. Several 
assumptions and adjustments are required to determine the linear attenuation coefficients 
from a heterogeneous beam. However, CT is based on the use of heterogeneous beam and 
approximations are necessary to satisfy the equation (Seeram, 2009). The equation is then 
modified to  
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Where N is the number of transmitted photons and N0 is the number of photon incident 
on the material, and µ is (µp+ µc) total linear attenuation coefficient. 
CT numbers are related to the linear attenuation coefficients of the material comprising 
the slice, calculated as follows 
 
Where  is the attenuation coefficient of the measured sample,  is the attenuation 
coefficient of water, and K is a constant or contrast factor. The CT numbers are 
established on a relative basis with attenuation of water as a reference. CT numbers 
obtained with contrast factor of 1000 are referred to as the Hounsfield (H) scale. CT 
number of water is always 0, whereas for bone and air it is +1000 and -1000 respectively 
on the H scale at 73 keV.   
 
Windowing:  
The process of changing the CT image gray scale is known as windowing. The CT image 
is composed of a range of CT numbers representing varying shades of gray. The range of 
numbers is referred to as window width (WW), and the center of the range is the window 
level (WL) or window center (C). For example, with a WW of 2000 and a WL of 0, the 
entire gray scale (256) is displayed, and the ability of observer to perceive small 
differences in attenuation are lost as the human eye can see only 40 shades of gray 
(Seeram 2009). 
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3D reconstruction and rendering techniques:  
The imaging system can be either fan-beam or cone-beam system. Fan-beam is used 
typically in human CT systems and consists of a 1-D x-ray detector and an electronic x-
ray source, creating 2-D cross-sections of the object. The cone-beam system is based on a 
2-D x-ray detector (camera) and an electronic x-ray source, creating projection images 
that later will be used to reconstruct the image cross-sections. 
 
Reconstruction algorithms are mathematical procedures such as simple back-projection, 
or iterative methods, and analytic methods which convert the attenuation readings.  
Analytic reconstruction algorithms are used in modern CT scanners and were developed 
to overcome the limitations of the back-projections and iterative algorithms. Commonly 
used analytic algorithms are filtered back-projections and fourier reconstruction 
algorithm (Seeram 2009).  
 
Multiplanar reconstruction (MPR) is the simplest method of reconstruction wherein a 
volume is built by stacking the axial slices. The software then cuts slices through the 
volume in a different plane (usually orthogonal). In surface rendering, a 3D model is 
constructed using a threshold value of radiodensity (relative transparency of x-rays 
through a material) and using edge detection image processing algorithms. Multiple 
models can be constructed from various different thresholds. However, the interior 
structure of each element is not visible in this mode. It will only display the surface that is 
closest to the imaginary viewer. Surface rendering is limited as it will only display 
surfaces that meet the threshold density. Volume rendering is referred to as technique 
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which displays a 2D projection of a discretely sampled 3D data set produced by CT. It 
offers the advantage to the viewer to examine both the external and internal structures.  
Maximum-intensity projection (MIP) minimum-intensity projection (mIP) are volume 
rendering techniques that can be used to build the reconstructed slices.  
 
As described earlier, CT has been proven to be a useful technique to quantitative analysis 
of the geometrical distribution of constituents of food item. CT coupled with image 
analysis, is thus an important tool to study the structure of cellular food products. 
 
CT has proven to be a useful technique to quantitatively analyze the geometrical 
distribution of constituents i.e., fat and proteins in meat products (Frisullo, 2009), role of 
sugar and fat in cookies (Pareyt et al, 2009).  CT has also been used to study the 3D 
structure of cellular foods such as aerated chocolate, mousse, marshmallow, muffins (Lim, 
2004) and the porous structure of bread (Falcone, 2005), apple tissue (Mendoza et al., 
2007) and the rise of dough (Bellido, 2006).  
 
Although it has numerous advantages, there are a few disadvantages which include a 
relatively higher cost, the need for radiation shielding, and the need for high voltage 
power to generate x-rays. 
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2.3.2 Magnetic Resonance Imaging  
 
MRI is an analytical imaging technique mainly used in medical settings or the biomedical 
industry. Food applications for MRI have been developed in recent times. MRI uses non-
ionizing radiation frequency (RF) to acquire images. MR signal intensity reflects the 
density of mobile hydrogen nuclei modified by the chemical environment consisting of 
the magnetic relaxation times, T1 and T2, and by motion. The pixel intensity in CT 
reflects the electron density whereas in MRI it reflects the density of hydrogen, as water 
(H20) or fat. 
 
The hydrogen nucleus is a single proton (positively charged), which generates a small 
magnetic field (magnetic moment) when it spins. This phenomenon is the basis of nuclear 
magnetic resonance (NMR). NMR equipment consists of a strong magnet, a radio 
transmitter and receiver. When NMR is used for chemical analysis, it is necessary that the 
magnetic field across the test tube sample be uniform, often to one part in 100 million 
(0.01 ppm). When NMR is used for imaging it is called MRI and the magnetic field 
across the body-sized sample is intentionally made non-uniform by superimposing 
additional magnetic field gradients that can be switched on and off rapidly. Activation of 
these additional magnetic fields results in a net gradient in the strength of the magnetic 
field across the body necessary for spatial localization and imaging. The essential 
components of an MRI system include: (1) a large magnet to generate a uniform 
magnetic field, (2) smaller electromagnetic coils to generate magnetic field gradients 
necessary for imaging, and (3) a radio transmitter and receiver along with its transmitting 
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and receiving antennae or coils. Additionally a computer is necessary to coordinate signal 
generation and acquisition and image formation and display (Stark & Bradley, 1999).  
 
When the object lies in a magnet, it is said to be temporarily magnetized when the 
hydrogen nuclei in the body align with the magnetic field. The object then responds to 
exposure of radiowaves at a particular frequency by sending back a radiowave signal 
called a ‘spin echo’. The specific strength of the magnetic field at which this 
phenomenon occurs is known as the Larmor frequency.  The spin echo signal is 
composed of multiple frequencies, reflecting different positions along the magnetic field 
gradient. When the signal is broken into its component frequencies (by ‘Fourier 
Transform’), the magnitude of the signal at each frequency is proportional to the 
hydrogen density at that location, thus allowing an image to be constructed. Thus, spatial 
information in MRI is contained in the frequency of the signal.  
 
T1 is the longitudinal relaxation time which indicates the time required for a substance to 
be magnetized after first being placed in a magnetic field. It is also the time required to 
regain longitudinal magnetization following an RF pulse. All molecules have natural 
motions due to vibration, rotation, and translation. However, smaller molecules like water 
in comparison to larger molecules like proteins; generally move more rapidly resulting in 
higher natural frequencies. The T1 relaxation time reflects the relationship between the 
frequency of these molecular motions and the resonance (Larmor) frequency which 
depends on the main magnetic field of the MR scanner. The water molecule moves 
rapidly for efficient T1 relaxation, whereas large proteins move slowly. But since both 
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have natural frequencies significantly different from the Larmor frequency, they have 
long T1 relaxation times. However, cholesterol in a liquid state, is a medium-sized 
molecule that has natural frequencies close to those used for MR imaging and a short T1. 
Thus the liquid cholesterol appears bright on T1-weighted images. 
 
T2 is the transverse relaxation time, a measure of transverse magnetization that would 
last in a perfectly uniform external magnetic field. Alternatively, it is a measure of how 
long the resonating protons remain coherent or rotate in phase following a 90° RF pulse. 
T2 decay is due to magnetic interactions that occur between spinning protons. Unlike T1 
interactions, T2 interactions do not involve a transfer of energy but only a change in 
phase, leading to a loss of coherence (Stark & Bradley, 1999). 
 
The spin echo MR signal is greatest when the T1 is short and the T2 and proton density 
are high. The signal is decreased if the T1 is long and the T2 and proton density are low. 
The differentiation of components of the image can be enhanced if one is aware of the 
differences in the relaxation times and selects the TR and TE times accordingly. 
 
 
Figure 2.10 Trade-offs of the parameters of MRI where (+) indicates an increase, (-) 
indicates a decrease, and (nc) indicates no change.  
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MRI has a long list of properties, which help generate image contrast. By variation of 
scanning parameters illustrated above in figure 10, contrast can be altered and enhanced 
in various ways to detect different features. The different parameters of MRI are TR 
(repetition time) is the time between pulses, TE (echo time), FOV (field of view), and 
SNR (signal-to-noise) ration. Low SNR results in a grainier image. Increasing SNR 
increases FOV resulting in decrease in matrix size and increase in slice thickness. If SNR 
improves then TR increases and affects the acquisition time. SNR, resolution, acquisition 
time are interrelated, changing one affects the other.  Figure 2.10 shows the inter-play of 
the various variables on the parameters of the MRI (http://www.mritutor.org/). SNR also 
depends on the electrical properties of the patient being studied and the type of receiving 
coil used.  
 
MRI technique permits the spatial distribution of water, fat, and salt content in foods. In 
particular, its ability to study the spatial distribution and mobility of water and its 
dependence on temperature has led to a new approach to the validation of thermal 
processing in food manufacture (Falcone et al., 2006). The imaging plane of the MRI can 
be changed without moving the object. Additionally, changes in the magnetic fields can 
change the contrast of the image to get higher detail and highlight various parts of the 
sample (Stark & Bradley, 1999). This aspect has been used to advantage when imaging 
food system. MRI not only allows the detection of internal defects of fruits and 
vegetables (i.e. hollow heart in potatoes, brown center and bruises in apples, freeze 
damage in oranges), but also more complex analysis such as grading of the quality of 
some foods. Internal structures differentiated by water or fat content, can be highlighted 
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as mentioned earlier by MRI since water, lipid, and proteins contain nuclei 
distinguishable by their NMR chemical shifts. 
 
Several MRI studies have been reported in the field of cereal science and in the 
characterization of complex food structures. The distribution of bubbles in cream 
(McCarthy et al, 1992), oil droplets in emulsions (McCarthy, 1994), determining 
structural and transport properties of extruded snacks (Hills 1998), and quantifying the 
local porosity in bread dough via automatic thresholding (Grenier et al, 2003) using the 
MRI has been accomplished. Pore volume distributions of bread was compared with 2-D 
scanner using MonteCarlo simulations (Regier et al., 2007), volume of gas cells during 
proofing of dough was measured by counting pixels after segmentation-based image 
analysis (vanDuyn et al., 2003). Bread was soaked in acetone containing 8nM ferric 
percholrate was qualitative analysis of gluten network using MRI (Takano et al., 2002). 
Microcapsules containing liquid paraffin were inserted in bread and their displacement 
during proofing was quantified using by superimposition on 2D scanner images for 
porosity measurement (Wagner et al., 2008).  
 
2.3.3 Laser Scanner 
 
Laser scanner is a 3D scanner generally consisting of a calibrated camera, rotation table, 
laser source and a computer with the required software to acquire and analyze obtained 
images (Figure 14). 3D models can be constructed by solving a system of equations of 
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direction vector of camera, laser beam vectors of L1 and L2 and position of laser with 
respect to camera (Uyar 2009). 
 
Figure 2.11 Simple depiction of a 3D scanning process 
 
The determination of surface area and volume of food products is thus possible using a 
laser scanner. The steps involved in using a laser scanner are as follows, 
 
Scan:  
Different views of an object from different angles are obtained. Scanned data is captured 
as a set of xyz points which are automatically converted into a mesh surface comprised of 
triangles. 
 
Align: 
The different views are integrated to form the 3D surface. Scanning of top and bottom 
views needs to be done separately and aligned. Number of surface views entirely depends 
upon complexity and irregularity of the scanned shape. After aligning, undesired areas 
can be trimmed off manually and any possible holes due to the complexity of the scanned 
surface can be filled. 
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Fuse: 
Fusing combines the aligned surfaces together to create a one-surface model to prevent 
overlapping.  
 
Thus, 3D scanners can be used to obtain accurate digital 3D images and geometrical 
description of complex and irregular shaped materials. 
 
2.3.4 Ultrasonic Imaging 
 
The basis of the ultrasonic analysis of foods is the relationship between their ultrasonic 
properties (velocity, attenuation coefficient, and impedance) and their physical and 
microstructural properties (Coupland, 2004). Ultrasonic waves propagate depending on 
material density and elastic modulus. The attenuation coefficient is a measure of the 
decrease in amplitude of an ultrasonic wave and is a consequence of absorption and 
scattering. It is expressed as the logarithm of the relative change in energy after traveling 
unit distance. The acoustic impedance is a fundamental physical characteristic that 
depends on the composition and microstructure of a material so its measure is used to 
provide valuable information about the properties of foods. The relationship between 
ultrasonic parameters and microstructural properties of a material can be empirically 
established by a calibration curve that relates the property of interest to the measured 
ultrasonic property. Ultrasonic waves are similar to sound waves, but they have high 
frequencies that cannot be detected by the human ear. An ultrasonic wave incident on an 
ensemble of particles is scattered in an amount depending on size and concentration of 
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the particles. It can therefore be used to provide information about particle size (Falcone 
et al., 2006).  
 
The ultrasonic measurement system consists of a signal generator to produce the original 
electrical excitation signal, a transducer to convert an electrical impulse into mechanical 
vibration, and a display system to record and measure the echo patterns produced. The 
signal received from the sample is converted back into an electrical pulse by the 
transducer and sent to the analog-to-digital converter where it is digitized (Falcone et al., 
2006). The two ways for characterizing the encompassment of these elements are the 
pulse-echo and the resonance techniques (Coupland, 2004). Pulse echo is commonly used 
to measure the surface ultrasonic properties of a sample. By measuring distance, velocity, 
and attenuation as a function of the transducer position, it is possible to generate a 2D 
image of the sample properties. By rotating the sample, a 3D image can be reconstructed 
(Coupland, 2004). 
 
In the food industry, the applications of ultrasound are divided depending on the use low-
intensity or high-intensity ultrasound. The low-intensity ultrasound is a nondestructive 
tool because it uses power levels so small that no physical or chemical alterations in the 
material occur. In contrast, the power level used in the high-intensity ultrasound is so 
large that it causes physical disruption or promotes chemical reactions (McClements, 
1995). An application that is becoming increasingly popular in the food industry is the 
determination of creaming and sedimentation profiles in emulsions and suspensions. 
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Some of the simplest ultrasonic measurements involve the detection of the 
presence/absence of an object or its size from ultrasonic spectrum (Falcone et al., 2006).  
 
Ultrasonic measurements can only be used on systems that are concentrated and optically 
opaque.  One of its major disadvantages is that the presence of small gas bubbles in a 
sample can attenuate ultrasound and the signal from the bubbles may obscure those from 
other components. It is difficult to attribute specific mechanisms to the observed changes 
in velocity and attenuation when ultrasound is used to follow complex biochemical and 
physiological events. Additionally, velocity may strongly depend on the temperature of 
the foods, therefore in processing operations with gradient temperature, it is critical to 
evaluate the effects of such gradients on the ultrasonic velocity measurements (Coupland, 
2004). 
 
2.3.5 Microscopic Techniques 
 
Light microscopy 
Light microscopy consists of an illumination source containing a beam of visible light 
(photons), condenser for focusing source on the sample, the sample and objective. There 
are different types of light microscopy with varying magnification, and resolution for 
different applications. It has been used to observe stained bacteria, thick tissue sections, 
thin sections with condensed chromosomes, large protists ormetazoans, living protists or 
metazoans, algae, and other microscopic plant material (Falcone et al., 2006). 
 
46 
 
46 
Confocal laser scanning microscopy 
CLSM is an advanced technology with respect to fluorescence microscopy. CLSM uses a 
laser spot which scans in lines across the field of view resembling image formation by an 
electron beam in a computer screen. CLSM allows the extraction of topographic 
information from a set of multiple confocal images acquired over a number of focal 
planes. In this way, a 3D topographic map of the object is available. Light microscopes 
are limited by the physics of light to 500x or 1000x magnification and a resolution of 0.2 
mm (Falcone et al., 2006). 
 
Electron microscopy 
Electron microscopy can be used to obtain information about surface features i.e., its 
texture and relation to material properties), morphology (shape, size of the particles and 
relation to materials properties), and composition (elements, compounds, and their 
relative amounts, relationship between composition and materials properties). In an 
electron microscope, the illumination source is a focused beam of electrons that is 
accelerated towards the specimen using a positive electric potential. The stream is 
focused into a thin, monochromatic beam by using metal apertures and magnetic lenses. 
The electron beam interacts with the specimen and these interactions are detected and 
transformed into an image. The resulting micrographs are in various shades of gray. 
Electron microscopy works under vacuum conditions because air absorbs electrons. For 
these reasons, wet samples cannot be analyzed by electron microscopy without previous 
dehydration, freezing, or freeze-drying due to the sublimation phenomena (Bache and 
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Donald, 1998).Electron microscopy can be divided into SEM and TEM which differ from 
each other in the way in which the image is formed.  
 
The transmission electron microscope (TEM) allows determining the internal structure of 
materials. The structure of a transmission electron microscope consists of an evacuated 
metal column with the source of illumination being a tungsten filament (the 
cathode).When the filament is heated at a high voltage, the filament emits electrons 
which accelerated to an anode (positive charge) and pass through a tiny hole in it to form 
an electron beam that passes down the column. Electromagnets placed in the column 
work as magnetic lens and electrons pass through the sample get magnified by the 
intermediate lens. The projector lens transmits the image on a fluorescent screen at the 
base of the microscope column. In TEM, thin sections of samples are embedded in epoxy 
resins or platinum-carbon replicas of the samples in order to the avoid release of vapor or 
gases. The contrast in the TEM increases as the atomic number of the specimen increases. 
Since biological molecules are composed of atoms of very low atomic number (carbon, 
hydrogen, nitrogen), contrast is increased with a selective staining. This staining is 
obtained by exposure of the specimen to salts of heavy metals, such as uranium, lead, and 
osmium, which are electron opaque. 
 
Scanning electron microscope (SEM) allows the detection of the sample surface that 
emits or reflects the electron beam (Falcone et al., 2006). To provide electron 
conductivity, a 5- to 20-nm coating is applied on the sample surface. In conventional 
SEM to avoid the vapor release samples are previously dried, whereas in cryo-SEM 
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samples are frozen and analyzed at low temperature. Wet samples can be analyzed 
without a previous preparation by the called environmental scanning electron microscopy 
(ESEM). In this technique, instead of the vacuum conditions, the sample chamber is kept 
in a modest gas pressure (Bache and Donald, 1998). The upper part of the column 
(illumination source) is kept in high vacuum conditions. A system of differential pumps 
allows creating a pressure gradient through the column (Bache and Donald, 1998). The 
choice of the gas depends on the kind of food (for example, hydrated food is kept under 
water vapor). 
 
Atomic force microscopy (AFM)  
Atomic force microscope uses piezoelectric devices to shift the specimen under a fine-
pointed stylus (Russ 2005). AFM technique is able to provide information about the 
individual molecules of the material and the effect of size and shape of molecules on their 
behavior in foods. In the AFM, a stylus rigidly fixed onto an elastic cantilever is moved 
over the sample, and the repulsive forces determine the bending away of the cantilever 
from the surface. By monitoring the extent of the cantilever bending, any undulations in 
the sample can be recorded and detected by a laser beam, which is reflected into a photo 
detector. Most AFM cantilevers are microfabricated from silicon oxide, silicon nitride, or 
pure silicon by applying photolithographic techniques. The sample is applied to a solid 
substrate, such as mica or glass, and its roughness dictates the restriction in the use of this 
technique. The AFM technique is easy to apply, the specimen can be imaged in air or 
liquid, the resolution is very high, and the sample preparation is much simpler (Falcone et 
al., 2006). 
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In food context, AFM has also been used to study polysaccharide networks such as starch 
granules and cell walls from fruit and vegetables. AFM allows the study of interfacial 
phenomena, such as bacterial boils and fouling and air-water or oil-water interfaces, 
which stabilize emulsions or food foams. AFM was used to visualize the internal 
structure of starch granules without inducing the necessary contrast in the images for the 
examination of the possible mutations that affect starch structure and its functionality 
(Ridout et al., 2002).  
 
Vibrational microscopy 
It is also known as Raman microspectroscopy as it results from coupling of an optical 
microscope to a Raman spectrometer. The high spatial resolution of the confocal Raman 
microspectrometry allows the characterization of the structure of food sample at a 
micrometer scale. The principle of this imaging technique is based on specific vibration 
bands as markers of Raman technique, which permit the reconstruction of spectral images 
by surface scanning on an area. The Raman spectroscopy measurements are a function of 
vibrations of all bonds, geometries, distances, angles, and polarizability of the chemical 
bonds. Hence, Raman spectroscopy can differentiate the single bond from the double or 
triple ones, whereas the other microscopy techniques give information only about the 
nature of the bonded atoms.  
 
In Raman spectroscopy a monochromatic visible or near infrared light is used and the 
vibrational energy levels of the molecules are brought to a short-lived, high-energy 
collision state. The return to a lower energy state occurs by emission of a photon. Raman 
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microspectroscopy is based on the detection of the vibrations of molecules whose 
polarizability changes, whereas IR spectroscopy detects vibrations of molecules whose 
electrical dipole moment changes (Thygesen et al., 2003). 
 
2.4 Digital Imaging and Image Analysis 
 
A typical imaging system is composed of an image receptor like a camera or a charged-
coupled device (CCD), a frame grabber with A/D and D/A converter, a host computer 
with hard disk storage, and image processor software or hardware and a video monitor. 
Once the image is in the computer, it can be manipulated, enhanced, enlarged, filtered, 
and compared to other images. The technique used to capture the image must have the 
ability to be reproduced so two images of the same area taken at different times can be 
accurately compared. 
 
2.4.1 Characteristics of Digital Image Processing 
 
Digital Image Processing simply means the processing of images on the computer. It is 
defined as subjecting numerical representations of objects to a series of operations in 
order to obtain a desired result. A digital image is made up of 2-D array of numbers 
called matrix. The matrix consists of columns (M) and rows (N) that define a small 
square region called picture elements or pixels. The dimension of the image is described 
by M, N and ‘MxNx k bits’ give the size. The ‘k bits’ imply that every pixel in the digital 
image matrix MxN is represented by k binary digits called as bit depth. The bit depth is 
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defined as the number of bits per pixel. Also, each pixel will have 2k gray levels. For 
example, a bit depth of 8 implies that each pixel will have 28 (256) gray levels. The pixels 
are generally square and each contains a number (discrete value) that represents a 
brightness level reflecting the sample being imaged. In CT and radiography, the discrete 
value is related to the atomic number and mass density of sample while in MRI, it 
represents proton density and relaxation times. The pixel size can be calculated as pixel 
size = field of view (FOV)/ matrix size. Voxel (volume element) refers to the information 
contained in the pixels for a particular volume. The larger the matrix size (for the same 
FOV), the smaller the pixel size; hence better the appearance of detail in the image. 
Additionally, as the FOV decreases without a change in matrix size, the size of the pixel 
decreases, thus improving detail.  
 
A histogram is a graph of the number of pixels in the entire image or part of the image 
having the same gray levels (density values) plotted as a function of gray levels. If the 
histogram is modified or changed, the brightness and contrast of the image changes 
accordingly. A wide histogram implies more contrast and a narrow histogram shows less 
contrast. If the values of the histogram are concentrated in the lower end of the range of 
the values, the image appears dark, and conversely, the image appears bright at the higher 
end of the range.  
 
The images obtained in radiology can be represented in two domains, spatial location 
domain (consisting of pixel number and line number), and the spatial frequency domain 
(number of cylces per unit length) i.e. number of times a signal changes per unit length. 
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MRI acquires data in the frequency domain. In digital image processing, Fourier 
transform (FT) can transform one image domain into another. The FT converts the 
function in the time domain (signal intensity vs. time) to a function in the frequency 
domain (signal intensity vs. frequency) (Seeram, 2010).  
 
A digital radiograph is composed of shades of gray spanning from black to white known 
as ‘continuous tone’ image.  The data from the sensor is converted into digital form by an 
analog to digital or “A to D” converter. The information which describes the light 
intensity (brightness) and its location in relation to the picture as a whole is called a pixel 
(short for "picture element"). The computer reassembles the pixels in the correct order 
and brightness to create a digital image. Manufacturers of current image processor 
equipment use standard 12-bit or 4096 levels of gray for the images. The latest image 
processors use a sixteen bit or 65536 levels of gray. The digital image will more closely 
represent the original image as the number of bits representing the brightness is increased, 
thus expanding the gray scale. The higher the number of pixels used to define the image, 
and the more closely they are packed, the closer we approach the spatial appearance of 
the original image. However, the more pixels and bits of information involved in the 
picture, the memory the computer requires for processing and storing the image 
correspondingly increases (Spiller 2010). 
 
 
 
53 
 
53 
2.4.2 Image Analysis 
 
All image analysis systems incorporate some form of segmentation and thresholding. 
Segmentation refers to the process of simplifying the image into a more meaningful 
image which is easier to analyze. Thresholding is the process of selecting the pixels that 
make up the structure of interest, on the basis of brightness or color range. These 
foreground pixels are colored black and the background are colored white (or reverse 
convention), producing a binary image (Russ, 2005).  Though not preferred, area or 
volume fraction can be accomplished by counting the pixels in the image histogram. 
Manual setting of threshold levels is possible by adjusting sliders on the histogram while 
visually observing the image in a preview window. However, thresholding image is the 
step where most image measurement errors arise, due to inconsistent human judgment.  
 
A large number of automatic thresholding algorithms are present which can be used to 
separate the light and the dark regions. ImageJ (http://rsbweb.nih.gov/ij/) software, a 
java-based image processing program developed at National Institutes of Health contains 
plugins for many thresholding algorithms. Amongst these, Otsu’s method is a threshold 
clustering algorithm. It performs histogram-shape based image thresholding that 
minimizes the intra-class variance, defined as a weighted sum of variances of the two 
classes of pixels (foreground and background). The algorithm calculates the optimum 
threshold separating the two classes of pixels so that their combined spread (intra-class 
variance) is minimal (Otsu, 1979). Otsu’s algorithm has been previously used in image 
analysis for understanding the role of sugar and fat in cookies (Falcone, 2004), and 
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during characterization of microstructural properties of breaded chicken nuggets (Adedeji, 
2008). 
 
Otsu’s Algortihm 
1. Compute histogram and probabilities at each intensity level 
2. Step through all threshold levels, t = 1… maximum intensity 
The weighted sum of variances of the two classes is given by 
 
Where ωi are the weights of the probabilities of the two classes separated by a threshold t 
and  are the variances of these classes.  
 
Further minimizing the intra-class variance is the same as maximizing inter-class 
variance. 
 
 
And  are the class means and  is the within class variance which is the final 
maximum threshold.  
 
After conversion of the gray-scale image into a binary image (black-white) using the 
above algorithm, porosity can be calculated by counting the number of pixels. Algorithms 
were developed in MATLAB® to count proportion of both classes of pixels in the binary 
images and obtain percentage porosity. 
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Three-dimensional reconstruction of irregular foods from digital images done by Goni et 
al. (2007) used a reverse engineering method based surface cross-sectional design. 
Further, a finite element method was developed to estimate surface area and volume of 
apples and meat pieces. A conversion factor (calibration using a reference object of 
known volume) was used to convert the dimensions from pixels to SI units. Sabilov et al. 
(2002) has developed an image processing method to measure volume and surface area of 
ellipsoidal agricultural products (i.e. eggs, lemons, limes, peaches). The method assumes 
that each food has axis symmetric geometry and is a sum of elementary frustums of right 
circular cones. An image processing technique based on ellipsoidal geometry was 
developed by Du & Sun (2006) to estimate surface area and volume of ham.  
Reconstruction of 3D images was also performed on images obtained from MRI in 
COMSOL® Multiphysics by means of a lofting technique for lamb, pork, chicken, and 
beef carcasses (Goni et al., 2008). Recently, a procedure for recreating geometric models 
of food systems having multiple components or sub-regions from images acquired via a 
digital color camera has been developed (Goni & Purlis, 2010). 
 
2.5 Conclusion 
 
Amongst all the available imaging techniques, laser scanning, CT and MRI were found to 
be the most capable tools to study food density. Laser scanning has great ability to 
measure apparent density of foods .The 3-D outline of the food can be acquired from 
which volume can be derived.  Both CT and MRI are non-destructive techniques and can 
provide in-depth information on the microstructure and volume of the food giving a 
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better understanding of the physical structure.  Both require no sample preparation and 
have been successfully used to study a variety of food products. CT has proven to be a 
useful technique to quantitatively analyze the geometrical distribution of constituent food 
components, study the food structure and transport properties. Local porosity 
measurements in bread dough were accomplished using the MRI. CT and MRI can thus 
be further explored to measure density of food products. ImageJ software can determine 
pore size distribution, median pore diameter, and percent fraction of pores. Determining 
porosity could supplant the use of rudimentary and traditional techniques for density 
measurement.  Such an advance in food measurement will certainly open up new 
horizons for the development of mathematical and computational models that connect 
product microstructure to product mechanical properties and rheology.  
 
Considering the large variability in density of even the simple foods and the necessity for 
accurate baseline values, there is a need to more carefully analyze food density. This 
certainly requires precise analytic techniques to measure density of foods.   
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 STRENGTHS AND LIMITATIONS OF TRADITIONAL AND CHAPTER 3.
CONVENTIONAL DENSITY MEASUREMENT TECHNIQUES 
3.1 Density Principles and Methods of Density Measures 
 
Density of a material is defined as density = [mass (g)/volume (cc)] and there are 
different types of densities defined by the way volume is measured. True density, 
apparent density, and bulk density are more predominantly used when characterizing 
food materials. The different densities have been defined previously.  
 
The true density of food has been measured using a gas comparison pycnometer by 
measuring the volume of only the solid portion of the food (Mohsenin, 1970; Tamari, 
2004). Commercial gas pycnometers use gases such as air, nitrogen, and helium. Mercury 
porosimeters can also be used specifically to measure the true density. However, there is 
no assurance that mercury has intruded into all the pores even at high pressures (Rahman 
at al., 2002a). Soy meat patties (Kassama et al., 2003), bread and cookies (Hicsasmaz and 
Clayton, 1992), agricultural plant products (Karathanos et al., 1996) and starch materials 
( Karathanos and Saravacos, 1993) have been measured using a mercury porosimeter.   
 
The apparent density of food samples can be determined using various displacement 
techniques. The solid displacement method using rapeseed has been commonly used for
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determination of volume of baked products such as bread (AACC, 2000; Rahman, 2001). 
The apparent density of the food can be determined from the volume calculated from the 
characteristic dimensions using vernier caliper or micrometer.  For fruits and vegetables, 
the buoyant force method has been used to measure density. To avoid the errors due to 
the mass transfer to the liquid, samples were enclosed in cellophane, polythene, or coated 
with varnish, wax or silicon grease to make them impervious to water (Loch-Bonazzi et 
al. 1992, Lozano et al. 1980). Similarly, a lower density liquid or a sinker rod was used to 
avoid sample floating (Mohsenin, 1980; Ramaswamy and Tung, 1981).  For liquids, 
specific gravity bottles have been used with toluene as a reference liquid (Mohsenin, 
1986). The density of various food items has been measured using fluid displacement 
techniques using water, toluene, ethanol and even motor oil. 
 
The bulk density methods include determining the weight of the volume of the food using 
the 1 cup, 1 tablespoon and other household measures. These tools are commonly used 
and reported in the food composition databases. A nutrient database more commonly 
used is the United States Department of Agriculture (USDA) Food and Nutrient Database 
for Dietary Studies (FNDDS). In FNDDS 3.0 (FNDDS, USDA, ARS  2010a), there are 
entries of food materials that have a volume measure for a certain portion with a gram 
weight. These volume measures are: cubic inch, cup, tablespoon, teaspoon, and fluid 
ounce (Table 3.1).  About 79% of the foods have volumetric information along with gram 
weight in FNDDS 3.0. Hence, it is possible to calculate the density of these food items 
using this information as shown in Table 3.2. For the remaining foods and foods with 
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different recipes and processing conditions, efficient methods need to be used to 
accurately provide the density values.  
Table 3.1 Frequency of food items (main food descriptions and additional food 
descriptions) by volumetric measure in the USDA Food and Nutrient Database for 
Dietary Studies 3.0 
Volumetric measure in FNDDS Number of foods with the volumetric measure 
Cubic inch 2002 
Fluid ounce 744 
Cup 7388 
Tablespoon 686 
Teaspoon 75 
None of the above 2925 
 
Table 3.2 Density calculated using the information available in the USDA Food and 
Nutrient Database for Dietary Studies 3.0 (FNDDS) 
Food item FNDDS information Density (g/cc) 
Food code Volumetric measurea Weight g 
Soymilk 11320000 1 cup 245 1.035 
Cake 53100100 1 cubic inch 4.4 0.269 
Onion 75117020 1 cup, chopped 160 0.679 
Cucumber 75111000 1 cup, sliced 119 0.596 
Tuna salad 27450060 1 cup 208 0.879 
Meat balls with sauce 27160100 1 cup 235 0.993 
a 1 cup = 236.59 cc, 1 cubic inch = 16.39 cc 
 
70 
 
70 
Structural properties of foods such as density and porosity are affected by moisture, 
material morphology, processing methods, and environmental conditions. As a result, a 
range of values for density is obtained for any particular food item.  This variation in 
food density has been reviewed by Boukouvalas et al., (2006) for true density, bulk 
density and porosity. 
 
As noted earlier, the methods used to measure density may vary with the type of food 
item. The purpose of this study was to review the available traditional and conventional 
density measurement techniques. Furthermore densities of the commonly eaten foods was 
measured and compared to the published values.   
 
3.2 Materials and Methods 
 
3.2.1 Conventional Density Measurements 
 
Frequently eaten food items in United States were selected for measuring density. Using 
the FNDDS search tool, suitable food code whose item description closely matched the 
food was selected. For each food code, if the gram weights for corresponding volumetric 
measure existed, the resultant density was noted as FNDDS density.  
 
Additionally, appropriate densities were determined in the laboratory for the foods items 
using the conventional methods described below. Bulk densities were determined for 
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triplicate samples using household measures of 1 cup or 1 tablespoon at room 
temperatures (Rahman, 2009). 
 
Solid displacement method – rapeseed  
The solid displacement technique was used to measure the apparent density of foods. The 
solid displacement method using rapeseed has been commonly used for determination of 
volume of baked products such as bread (AACC, 2000). The procedure to measure 
density, using seeds has also been explained by Stumbo and Weiss (2011).  
 
Geometric dimension measurement 
The apparent density of the food was determined from the volume calculated from the 
characteristic dimensions using an absolute digimatic caliper (Mitutoyo Corp, USA) in 
triplicate. 
 
Water displacement 
The food sample volume was determined by the volume of displaced water in triplicate. 
The difference between the initial volume of the liquid in the measuring cylinder and the 
cumulative volume of the liquid and immersed sample was the sample volume (Rahman, 
2009).  
 
Gas pycnometer  
Food samples were weighed separately and true volume was determined in triplicate 
using the Stereopycnometer (Quantachrome Instruments, FL), connected to nitrogen. 
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Choi-Okos density calculation 
The empirical equations for true density of food materials dependent on temperature and 
composition presented by Choi and Okos (1985) were used for determination of density. 
Using these equations, the composition of major food components such as carbohydrates, 
protein, fats, water was obtained from the FNDDS and the true density was calculated of 
the selected foods. 
 
Statistical Analysis 
Standard deviation (SD) between the triplicate analyzes was determined for the both 
apparent and bulk density measurements. Statistical software JMP 5.0.1 (SAS Institute, 
Cary, NC) was used to conduct analysis of variance data. Least significant differences 
were calculated to compare mean values, with significance defined at P < 0.05. 
 
3.2.2 Density of a Complex Food Based on its Individual Components  
 
The mass of individual components of a cheeseburger was recorded. The apparent 
density of the cheeseburger was determined using solid displacement method for 
comparison. The true density of the individual components was calculated. The volumes 
of the non-porous food components from the recipe were calculated from the true density 
as shown in Table 3.3. The bun was the only porous food component in the recipe and 
apparent density was used to calculate its volume (Table 3.4). 
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Table 3.3 Volumes of non-porous food components in a cheeseburger 
Non-porous 
component 
Total weight of 
the individual 
component (g) 
True density by 
Choi-Okos equation 
(g/cc) 
Volume of non-porous 
component (cc) 
Beef Patty 78 1.04 74.68 
Cheese 21 1.09 19.33 
Iceberg Lettuce 9 1.01 8.92 
Tomato 30 1.01 29.65 
Ketchup 10 1.1 9.09 
 
Table 3.4 Volume of porous component in a cheeseburger 
Porous 
component 
Total g of the 
individual 
component 
Apparent density by 
rapeseed technique 
(g/cc) 
Volume of porous 
component (cc) 
Bun 45 0.258 174.42 
 
3.3 Discussion and Results 
 
The tables that follow contain the tabulated density values of foods categorized according 
to the type of density value associated with the food. The actual food item measured and 
its associated food code and its generic food description in FNDDS are provided in the 
tables. The food items for density measurement were bought from a local grocery store 
consisted of local or well-known food brands. 
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Table 3.5 contains food items that are generally eaten in bulk (cup, bowl). The bulk 
density values could be obtained from FNDDS in this case.  
 
Table 3.5 Bulk density values for foods obtained from FNDDS using volumetric 
information. Density values are in g/cc 
FNDDS1 
Food 
Code 
Actual Food 
Item  
FNDDS description FNDDS 
measure 
description  
Bulk density 
calculated 
from 
FNDDS 
measure 
24198740 Breaded 
Chicken 
Nuggets 
Chicken nuggets 1 cup 0.586 
31109010 Egg Patty Egg, white only, cooked, 
fat not added in cooking 
1 cup 0.69 
32105000 Egg, 
Scrambled 
Egg omelet or scrambled 
egg, fat added in cooking 
1 cup 0.9045 
53241500 Sugar Cookie Cookie, butter or sugar 
cookie 
1 cup, crushed 0.3593 
54102010 Honey 
Grahams 
Crackers, graham 1 cup, crushed 0.359 
54401020 Corn Chips Salty snacks, corn or 
cornmeal base, corn 
chips, corn-cheese chips 
1 cup 0.186 
54408010 Pretzels Pretzels, hard 1 cup, thin 
sticks 
0.19 
54420010 Party Mix Multigrain mixture, 
pretzels, cereal and/or 
crackers, nuts 
1 cup, Chex 
Party Mix 
0.19 
57214000 Frosted Mini-
Wheat  
Frosted Mini-Wheat 1 cup 0.224 
57327450 Oat Bran  Quaker Oat Bran Cereal 1 cup 0.1944 
63109010 Cantaloupe Cantaloupe 
(muskmelon), raw 
1 cup, diced 0.6594 
63123010 Green Grapes Grapes, European type, 
adherent skin, raw 
1 cup, NFS3 0.638 
63149010 Watermelon Watermelon, raw 1 cup, diced 0.643 
71201100 Potato Chips White potato chips, 
regular cut 
1 cup, chips 0.106 
71401020 Steak Fries White potato, french 
fries, from frozen, oven 
baked 
1 cup 0.241 
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Bulk density values for foods obtained from FNDDS using volumetric information. 
Density values are in g/cc. Continued 
71401020 French Fries, 
crinkle cut 
White potato, french 
fries, from frozen, oven 
baked 
1 cup 0.241 
73101010 Raw Carrots Carrots, raw 1 cup 0.4649 
74101000 Tomato Tomatoes, raw 1 cup, 
chopped or 
sliced 
0.7608 
91745010 Gummy 
bears 
Gumdrops 1 cup 0.769 
1FNDDS=Food and Nutrient Database for Dietary Studies. 2NS=not specified 
 
Table 3.6 consists of foods that can be generally described by their apparent density 
values. The table provides the measured apparent density determined via solid 
displacement method in the laboratory. This difference in the apparent density values 
obtained by both methods is due to variations in recipes or a different product-
composition for a particular food description. Additionally, 1-cubic inch size measure 
used to calculate the FNDDS density may not give accurate representation for the whole 
sample. Furthermore different foods can have the same FNDDS food code but their 
actual density values may be substantially different since the FNDDS food code may 
associate multiple items under a single code.  Hence, if apparent density is calculated 
using the FNDDS measure description, the possible translation of error in the calculation 
of energy intake needs to be considered for studies requiring high accuracy.   
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Table 3.6 Measured apparent density values for foods as compared to density calculated 
from FNDDS measure description. Density values are in g/cc. 
FNDDS1 
Food 
Code 
Actual 
Food Item 
FNDDS 
description 
FNDDS 
measure 
description  
Apparent 
density 
calculated 
using 
FNDDS 
information 
Apparent 
density using 
solid 
displacement 
method  
SD2 
13120500 Ice Cream 
Sandwich  
Ice cream 
sandwich 
1 sandwich 
(5" x 1" x 
3/4") 
0.96 0.698 0.0088 
14502010 American 
Slice 
Cheese  
Imitation 
cheese, 
American or 
cheddar type 
1 cubic 
inch 
1.068 1.177 0.0417 
25230900 Honey 
Roasted 
Turkey 
Breast 
Turkey or 
chicken 
breast, 
prepackaged 
or deli, 
luncheon 
meat 
1 cubic 
inch 
0.854 0.9519 0.0045 
51101010 White 
Toast  
Bread, white, 
toasted 
1 cubic 
inch 
0.238 0.276 0.0318 
51121040 Garlic 
bread, 
toasted 
Bread, garlic, 
toasted 
1 cubic 
inch 
0.238 0.564 0.0646 
51150000 Bun roll Roll, white, 
soft 
1 cubic 
inch 
0.177 0.258 0.0239 
51150000 Sandwich 
Buns 
Roll, white, 
soft 
1 cubic 
inch 
0.1769 0.2769 0.0042 
51150100 Potato rolls Roll, white, 
soft 
1 cubic 
inch 
0.1769 0.2694 0.0039 
51160000 Hawaiian 
Rolls 
Roll, sweet 1 cubic 
inch 
0.183 0.2301 0.0056 
52102040 Buttermilk 
Biscuit 
Biscuit, 
baking 
powder or 
buttermilk 
type, made 
from 
refrigerated 
dough 
1 cubic 
inch 
0.2563 0.4489 0.0052 
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Measured apparent density values for foods as compared to density calculated from 
FNDDS measure description. Density values are in g/cc. Continued 
53106050 Chocolate 
cake, iced 
Cake, 
chocolate, 
devil's food, 
or fudge, 
pudding-type 
mix (oil, 
eggs, and 
water added 
to dry mix), 
with icing, 
coating, or 
filling 
1 cubic 
inch 
0.415 0.683 0.0641 
53108200 Ding Dong Cake, 
cupcake, 
chocolate, 
with icing or 
filling 
1 cubic 
inch 
0.482 0.651 0.0198 
53108200 Swiss Roll Cake, 
cupcake, 
chocolate, 
with icing or 
filling 
1 cubic 
inch 
0.482 0.891 0.174 
53204010 Brownie Cookie, 
brownie, 
without icing 
1 cubic 
inch 
0.604 0.908 0.1578 
53206000 Chunky 
Cookie 
Cookie, 
chocolate 
chip 
1 cubic 
inch 
0.775 0.6387 0.0023 
53206020 Chocolate 
Chip 
Cookie 
Cookie, 
chocolate 
chip, made 
from home 
recipe or 
purchased at 
a bakery 
1 cubic 
inch 
0.775 0.855 0.1765 
91708030 Fruit Roll 
Up 
Fruit leather 
and fruit 
snacks candy 
1 cubic 
inch 
0.976 0.8 0.0580 
Values are means, n= 3, 1FNDDS=Food and Nutrient Database for Dietary Studies. 
2SD=standard deviation, 3NS=not specified 
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Table 3.7 consists of foods which are semi-liquid or liquid in nature. Hence, the apparent 
and bulk density of these foods is equal. For foods which are eaten in a cup or bowl, the 
bulk density was measured in the laboratory. The measured bulk density values were in 
agreement with the density calculated using FNDDS measure description. Different 
product composition for a particular food description by FNDDS may contribute to the 
slight differences observed in the density values.  
 
Table 3.7 Measured density values for liquid and foods-eaten-in-bulk and their calculated 
FNDDS density values. Density values are in g/cc. 
FNDDS1 
Food 
Code 
Actual 
Food Item 
FNDDS 
description 
FNDDS 
measure 
description  
Density 
calculate 
using 
FNDDS 
information 
Density 
(Bulk) 
measured 
in the 
laboratory  
SD2 
11112110 2% Milk Milk, cow's, 
fluid, 2% fat 
1 cup 1.031 1.01 0.0031 
11432000 Yogurt,  Yogurt, fruit 
variety, 
lowfat milk 
1 cup 1.036 1.039 1.00E-
03 
13230130 Pudding 
Cup, 
Chocolate 
Pudding, 
ready-to-eat, 
chocolate 
1 cup 1.103 1.118 0.0035 
14107030 Mozzarella 
Shredded 
Cheese, 
Mozzarella, 
part skim 
1 cup, 
shredded 
0.4776 0.4762 0.0093 
14108010 Parmesan 
Cheese, 
Grated 
Cheese, 
Parmesan, 
dry grated 
1 cup 0.423 0.722 0.0082 
14620100 Honey 
Cinnamon 
Spread 
Dip, cream 
cheese base 
1 
tablespoon 
1.014 1.247 0.0235 
14620100 Apple 
Brick Dip 
Dip, cream 
cheese base 
1 
tablespoon 
1.014 1.118 0.0118 
21501350 Ground 
Beef 
Ground beef, 
90% - 94% 
lean, cooked 
1 cubic 
inch, 
cooked 
0.52 0.6398 0.021 
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Measured density values for liquid and foods-eaten-in-bulk and their calculated FNDDS 
density values. Density values are in g/cc. Continued. 
42202000 Creamy 
Peanut 
Butter 
Peanut butter 1 
tablespoon 
1.082 1.166 0.0095 
42202100 Low 
Sodium and 
Less Sugar 
Peanut 
Butter 
Peanut butter, 
reduced 
sodium and 
reduced sugar 
1 
tablespoon 
1.082 1.331 0.0214 
42202150 Fat Creamy 
Peanut 
Butter 
Peanut butter, 
reduced fat 
1 
tablespoon 
1.217 1.388 0.011 
56130010 Noodles, 
Spaghetti 
Spaghetti, 
cooked, fat not 
added in 
cooking 
1 cup, 
cooked 
0.592 0.7231 0.086 
61210220 Orange 
Juice 
Orange juice, 
canned, 
bottled or in a 
carton 
1 cup 1.052 1.011 0.002 
63135140 Peach, 
canned 
slices 
Peach, cooked 
or canned, in 
light or 
medium syrup 
1 cup 1.061 0.953 0.1101 
63137140 Pears, diced 
in syrup 
Pear, cooked 
or canned, in 
light syrup 
1 cup 1.052 1.011 0.0085 
63137170 Pear, 
canned 
halves and 
juice 
Pear, cooked 
or canned, 
juice pack 
1 cup 1.031 1.144 0.103 
63420110 Frozen 
Fruit Bars 
Fruit juice bar, 
frozen, flavor 
other than 
orange 
1 fl oz 1.008 1.015 0.0246 
64100110 Punch Fruit juice 
blend, 100% 
juice 
1 cup 1.057 1.03 0.0035 
72116000 Lettuce, 
Romaine, 
raw 
Endive, 
chicory, 
escarole, or 
romaine 
lettuce, raw 
1 cup 0.1268 0.3163 0.0447 
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Measured density values for liquid and foods-eaten-in-bulk and their calculated FNDDS 
density values. Density values are in g/cc. Continued 
74401010 Tomato 
Ketchup 
Tomato catsup 1 cup 1.014 1.233 0.0221 
74401110 No Salt 
Added 
Tomato 
Ketchup 
Tomato 
catsup, low 
sodium 
1 cup 1.014 1.237 0.0201 
74403010 Pizza Sauce Tomato sauce 1 cup 1.086 1.156 0.0463 
74404030 Pizza 
Sauce, 
Meat 
Flavor 
Spaghetti 
sauce with 
meat, canned, 
no extra meat 
added 
1 cup 1.057 1.033 0.0002 
74406010 Barbeque 
Sauce 
Barbecue 
sauce 
1 cup 1.057 1.162 0.0183 
75113000 Iceberg 
Lettuce 
Lettuce, raw 1 cup, 
shredded 
or 
chopped 
0.233 0.3451 0.0589 
75114000 Mixed 
Salad 
Greens 
Mixed salad 
greens, raw 
1 cup, 
shredded 
or 
chopped 
0.233 0.2651 0.0854 
81103040 Margarine  Margarine-like 
spread, stick, 
salted 
1 cup 0.967 0.957 0.024 
81103080 Margarine Margarine-like 
spread, tub, 
salted 
1 cup 0.9669 0.9135 0.0265 
83107000 Mayonnaise Mayonnaise, 
regular 
1 cup 0.93 1.085 0.0159 
83202020 Catalina 
dressing 
French 
dressing, 
reduced 
calorie 
1 cup 1.099 1.108 3.00E-
04 
83205450 Italian 
Dressing 
Marinade 
Italian 
dressing, 
reduced 
calorie 
1 cup 0.923 0.8999 0.0091 
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Measured density values for liquid and foods-eaten-in-bulk and their calculated FNDDS 
density values. Density values are in g/cc. Continued 
91401000 Jelly Jelly, all 
flavors 
1 cup 1.268 1.469 0.0061 
91402000 Strawberry 
Jam 
Jam, 
preserves, all 
flavors 
1 cup 1.353 1.307 0.0005 
91746150 MM's, 
minis 
Easter egg, 
candy coated 
chocolate 
1 cup  0.9299 0.9168 0.0095 
92410310 Coca cola Soft drink, 
cola-type 
1 fl oz 1.028 1.027 0.005 
92410510 Sprite Soft drink, 
fruit-flavored, 
caffeine free 
1 fl oz 1.042 1.031 0.017 
92510610 Lemonade Fruit juice 
drink 
1 cup 1.048 1.045 0.0012 
Values are means, n= 3, 1FNDDS=Food and Nutrient Database for Dietary Studies. 
2SD=standard deviation 
 
Many of the frequently consumed foods have no volumetric information in FNDDS 3.0. 
Table 3.8 lists the apparent densities of several of such commonly-eaten foods measured 
using the solid displacement technique. These foods are mostly meals, entrees and 
apparent density is the most appropriate density value for such food mixtures.   
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Table 3.8 Measured apparent density values for foods which contain no volumetric 
information in FNDDS. Density values are in g/cc. 
FNDDS1 
Food 
Code 
Actual Food 
Item 
FNDDS 
description 
FNDDS 
measure 
description 
Apparent 
density 
using solid 
displacemen
t method  
SD2 
13120790 Snack Size 
Drumstick 
Ice cream 
sundae cone 
1 Drumstick 0.6337 0.0037 
27500300 Turkey Wrap Wrap sandwich, 
filled with meat, 
poultry, or fish, 
and vegetables 
1 sandwich 0.6185 0.0003 
27510210 Cheeseburger 
(Sandwich 
buns, lettuce, 
tomato, 
cheese, beef 
patty) 
Cheeseburger, 
plain, on bun 
 
1 
cheeseburger 
0.598 0.0406 
27520300 Ham 
Sandwich 
(Sandwich 
thins with 
sliced ham) 
Ham sandwich, 
with spread 
 
1 sandwich 0.4204 0.0009 
51113010 Cinnamon 
Bread 
Bread, 
cinnamon 
1 slice 0.3223 0.0081 
51122000 White Bread Bread, reduced 
calorie and/or 
high fiber, white 
or NFS 
1 regular slice 0.1937 0.0028 
51122050 Seeded Italian 
Bread 
Bread, reduced 
calorie and/or 
high fiber, 
Italian 
1 regular slice 0.3134 0.0048 
51122050 Italian Bread Bread, reduced 
calorie and/or 
high fiber, 
Italian 
1 regular slice 0.195 0.0007 
51180010 Plain Mini 
Bagels 
Bagel 1 regular 0.3013 0.0038 
51180030 Cinnamon 
Raisin Bagel 
Bagel, with 
raisins 
1 regular 0.3022 0.0014 
51180080 Blueberry 
Bagels 
Bagel, with fruit 
other than 
raisins 
1 regular 0.3549 0.0049 
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Measured apparent density values for foods which contain no volumetric information in 
FNDDS. Density values are in g/cc.Continued 
51186010 English 
Muffin  
Muffin, English 1 muffin 0.38 0.0062 
51186010 Sourdough 
English 
Muffins 
Muffin, English 1 muffin 0.3417 0.0070 
51186100 Cinnamon 
Raisin English 
Muffins 
Muffin, English, 
with raisins 
1 muffin 0.3465 0.0027 
51201010 100% Whole 
Wheat Bread 
Bread, whole 
wheat, 100% 
1 regular slice 0.2122 0.0018 
51201150 Pita Bread Bread, pita, 
whole wheat, 
100% 
1 large pita (6-
1/2" dia) 
0.3468 0.0045 
51202000 Whole Wheat 
English 
Muffins 
Muffin, English, 
whole wheat, 
100% 
1 muffin 0.3997 0.0105 
51208000 Whole Wheat 
Bagels 
Bagel, whole 
wheat, 100% 
1 regular 0.3522 0.0016 
51601020 Multi-grain 
Bread 
Bread, 
multigrain 
1 regular slice 0.2337 0.0026 
52215200 Whole Wheat 
Tortilla 
Tortilla, flour 
(wheat) 
1 tortilla 
(approx 12" 
dia) 
0.5382 0.0060 
52215260 Whole Wheat 
Tortilla 
Tortilla, whole 
wheat 
1 tortilla 0.5617 0.0079 
52302010 Blueberry 
Muffin 
Muffin, fruit 
and/or nuts 
1 large 0.4929 0.0056 
52302500 Chocolate 
Chip Muffins 
Muffin, 
chocolate chip 
1 large 0.4696 0.0024 
53107200 Cupcake with 
icing 
Cake, cupcake, 
NS3 as to type, 
with icing 
1 small 
cupcake 
0.4576 0.0023 
53209010 Caramel 
Cookie Bars 
Cookie, 
chocolate-
covered, sugar 
wafer, creme- or 
caramel-filled 
1 Little 
Debbie 
Cookie Bar 
0.5477 0.0017 
53220040 Fat-free 
Newtons 
Cookie, fig bar, 
fat free 
1 Newton bar 
(2" long, 1-
1/2" wide) 
0.3909 0.0073 
53247000 Wafers Cookie, vanilla 
wafer 
1 large 0.2604 0.0073 
 
84 
 
84 
Measured apparent density values for foods which contain no volumetric information in 
FNDDS. Density values are in g/cc.Continued 
53530000 Frosted 
Strawberry 
Pop Tart w 
20% Fiber 
Breakfast tart 1 Pop Tart 0.8801 0.0032 
53540200 Baked Apple 
Spice Tasty 
Little Cereal 
Bar 
Breakfast bar, 
cereal crust with 
fruit filling, 
lowfat 
1 bar 0.6256 0.0055 
53542100 Granola Bar Granola bar, 
NFS 
1 bar 0.671 0.0330 
55101000 Buttermilk 
pancakes 
Pancakes, plain 1 large 
pancake (7" 
dia) 
0.4269 0.0075 
55103000 Blueberry 
Pancakes 
Pancakes, with 
fruit 
1 large 
pancake (7" 
dia) 
0.4256 0.0051 
55103100 Chocolate 
Chip Pancakes 
Pancakes, with 
chocolate chips 
1 large 
pancake (7" 
dia) 
0.385 0.0095 
55205000 Whole Wheat 
Waffle 
Waffle, 100% 
whole wheat or 
100% whole 
grain 
1 round waffle 
(4" dia) 
(include 
frozen) 
0.4959 0.0184 
55211000 Buttermilk 
Waffles 
Waffle, plain, fat 
free 
1 waffle (4-
1/8" dia) 
0.3739 0.0142 
55211050 Low-fat 
Waffle 
Waffle, plain, 
lowfat 
1 square 
waffle (4" 
square) 
(include 
frozen) 
0.4865 0.0029 
55301050 French Toast 
Sticks 
French toast 
sticks, plain 
1 stick 0.597 0.0185 
58106610 Pizza with 
Meat Topping 
Pizza with meat 
other than 
pepperoni, NS as 
to type of crust 
1 piece 0.7452 0.0068 
58301050 Lasagna w/ 
Meat Sauce 
Lasagna with 
cheese and meat 
sauce (diet 
frozen meal) 
1 Weight 
Watchers meal 
(11 oz) 
0.9741 0.0055 
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Measured apparent density values for foods which contain no volumetric information in 
FNDDS. Density values are in g/cc.Continued 
58301080 Lasagna Bake 
w/ Meat Sauce 
Lasagna with 
cheese and meat 
sauce, reduced 
fat and sodium 
(diet frozen 
meal) 
1 Healthy 
Choice meal 
(9.0 oz) 
0.9005 0.0020 
58301150 Lasagna 
Florentine 
Zucchini lasagna 
(diet frozen 
meal) 
1 Lean 
Cuisine meal 
(11 oz) 
0.8118 0.0181 
58302000 Macaroni and 
cheese  
Macaroni and 
cheese (diet 
frozen meal) 
1 meal (9 oz) 0.7039 0.0020 
58302050 Baked 
Rigatoni with 
Meat Sauce 
and Cheese 
Beef and noodles 
with meat sauce 
and cheese (diet 
frozen meal) 
1 meal (11.25 
oz) 
0.7456 0.0032 
58304020 Spaghetti w/ 
Meatballs 
Spaghetti and 
meatballs with 
tomato sauce, 
sliced apples, 
bread (frozen 
meal) 
1 meal (11.5 
oz) 
1.018 0.0046 
58305250 Fettuccine 
Alfredo 
Pasta with 
vegetable and 
cheese sauce 
(diet frozen 
meal) 
1 Weight 
Watchers meal 
(9.25 oz) 
0.784 0.0025 
58306070 Chicken 
Enchilada 
Cheese enchilada 
(frozen meal) 
1 meal (10 oz) 0.8278 0.0040 
58306500 Chicken, Rice, 
and Beans 
Burrito 
Chicken burritos 
(diet frozen 
meal) 
1 meal (10 oz) 0.9207 0.0222 
58310310 Pancake and 
sausage meal 
Pancakes and 
sausage (frozen 
meal) 
1 meal (6 oz) 0.5618 0.0028 
Values are means, n= 3, 1FNDDS=Food and Nutrient Database for Dietary Studies. 
2SD=standard deviation, 3NS=not specified 
 
Owing to a wide variety of food items and their complex nature, proper selection of 
apparent or bulk density depending on the food is crucial to avoid errors in assessments. 
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For most liquid foods, the bulk density values can be easily obtained from FNDDS using 
volumetric measure description. However, different product composition could lead to 
variability in the densities for the same food item. For certain foods, FNDDS measure 
description of 1 cubic inch may not represent the entire food item (e.g. cream-filled 
cakes). At times, FNDDS may not have the correct measure description required for the 
particular type of density (e.g. apparent density will require gram weight for 1 cubic inch 
measure). And for certain foods, FNDDS information may be inadequate to provide the 
density values. In all these cases, actual measurement of the required density of the food 
using an established method is essential.  
 
Solid displacement method using rapeseed was used effectively to determine the apparent 
density of the food items.  However, there are concerns about the possibility of 
compression of the food due to the weight of the rapeseed on the food. Additionally 
adherence of seed to sample, seed clumping, frequent cleaning of seed are some of the 
common problems associated with this method. Large numbers of replicate 
measurements are necessary to reduce the variability in results obtained. Taking these 
factors into consideration, it was ensured that adequate training was undertaken before 
doing the density measurements.  
 
In another experiment, the density of the same food item was measured using all the 
available conventional techniques as shown in Table 3.9.The true densities of a brownie 
measured by the pycnometer and calculated with the empirical Choi-Okos equation were 
similar. However, the apparent density differed significantly between densities 
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determined by geometric dimensions and by displacement techniques (i.e., solid, water). 
Due to the FNDDS density estimate being a single number (Table 3.9), it could not be 
included in the statistical comparison. However, its value being less than the geometric 
dimension density, which was significantly different from the displacement methods, 
suggests that the FNDDS value is different than the density value obtained from the 
displacement techniques. The variation in the measures demonstrates that credible and 
universal methods for measuring density may be needed in practice. The food item 
dictates the selection of appropriate conventional method for density measurement. In 
this case, geometric dimension would be preferred for density measurement of a brownie. 
Displacement techniques (i.e., solid, liquid) would be debatable since there is a 
possibility of interaction of liquid with the brownie or accumulation of seeds in the pores 
of the brownie during solid displacement density measurement.  
 
Table 3.9 Density of a brownie (FNDDSa food code = 53204010) calculated using 
different conventional density techniques 
Density type Density measurement techniques Density (g/cc) SD 
True density Choi-Okos equation 1.306 -- 
Gas pycnometer 1.330 0.00855 
Apparent density FNDDS listed volume – 1 cubic inch 0.604 -- 
Geometric dimension 0.666b 0.0822 
Solid displacement – rapeseed 0.908c 0.158 
Water displacement 0.848c 0.0547 
aUS Department of Agriculture Food and Nutrient Database for Dietary Studies 3.0 
(FNDDS), b,cValues are means, n=3.  Means with different letters differ significantly, 
p<0.05 
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In the last experiment, the apparent density of a complex food such as a cheeseburger was 
determined from the quantities of the constituent food items (Table 3.10). It was found 
that it is possible to theoretically calculate the density of a complex food system if the 
densities of the individual components of the food system and their quantities are known. 
This could potentially resolve the problem of determination of densities of food items 
having altered recipes.  
 
Table 3.10 Apparent density of cheeseburger determined from individual components & 
solid displacement method 
Total volume of porous and non-porous components in a cheeseburger 316.09 cc 
Total g of cheeseburger 193 g 
Thus, apparent density of cheeseburger from individual components 0.611 g/cc 
Apparent density by solid displacement method 0.598 g/cc 
 
3.4 Conclusion & Future work 
 
When determining density of food, the assessment of the mass is straightforward, unlike 
the volume. Volume, density and porosity are physical characteristics which depend on 
the experimental technique used. An appropriate measurement technique needs to be 
selected depending on the type of density sought (Paul, 2001).  
 
Each of the conventional density measurement technique is associated with its 
advantages and disadvantages. The dimension measurement technique is simple and most 
effective but can only be used for geometrically designed foods.  Displacement 
89 
 
89 
techniques though recommended have problems described earlier and cannot be 
universally used for all foods. FNDDS does have volumetric information on certain foods 
to determine density. However, it does not classify food volume as bulk or apparent and 
this may lead to incorrect use of a density for conversion of volume to gram weight. To 
avoid such inaccuracy, categorization of the existent FNDDS volumetric information is 
needed. Additionally FNDDS may not satisfy the product description leading to 
misrepresentation and wrong density values. 
 
True density can be calculated by using empirical formulas if the make-up of the major 
food components of water, carbohydrate, protein, fat, ash, and ice are known (Choi and 
Okos, 1985). However, models for accurate prediction of air spaces and pores for all 
foods are unavailable in the literature and food composition databases (Rahman, 2009). 
Hence there is a need to determine porosity based on food product composition, material 
properties and process conditions. Densities of all food descriptions in the FNDDS could 
then be calculated using formulas, thus providing consistency. Additionally, novel 
density prediction techniques can compensate for foods not listed in FNDDS such as 
homemade items for which the formulation and processing conditions are known. 
 
Optical methods have recently been used to determine porosity assuming that the 
sectional porosity represents the porosity of the whole sample. Advances in x-ray 
imaging such as results shown in Figure 3.1, can help determine porosity of food 
samples. . 
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Classic sliced breada Multigrain breada Whole wheat 
English muffina 
Chocolate chip 
muffina 
 
  
 
Classic sliced breadb Bread rollb Sourdough English 
muffinb 
Cream-filled 
cupcakeb 
Figure 3.1: Examples of scans conducted using a x-ray micro CT, and b clinical x-ray CT 
at Purdue University. 
 
 
Preliminary experiments for measuring food density with CT (Figure 3.1) as reported by 
Kelkar et al., (2011) have been encouraging. However, more improvement and 
development of tools for such imaging techniques is needed to measure density of 
complex foods and food mixtures. A food density meeting was organized (Okos and 
Boushey, 2012) with several experts from academia and industry to discuss the 
challenges involved. Clear definitions, more awareness, and research for a universal 
method to measure density were the conclusions of the meeting. 
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The differences in the attenuation demonstrate the image contrast observed in the scanned 
images of foods. The proposed study will investigate the capability of x-ray imaging for 
complete density information of food materials.  
 
The above images of the foods obtained from CT are 2D slices of the 3D scans. The 2D 
radiographic images can also be obtained from x-ray digital radiography device. Hence, 
the use of digital radiography against computerized tomography will be studied further in 
detail. The advantage of digital radiography is that it is has a faster scan time and it is 
comparatively much cheaper in comparison to CT. Therefore, both the x-ray devices for 
quantitative determination of density will be examined simultaneously.  
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 DETERMINATION OF APPARENT DENSITY USING X-RAY CHAPTER 4.
LINEAR AND MASS ATTENUATION COEFFICIENTS 
 Background and Introduction 4.1
 
Density of foods is a physical property that is used to determine quality of foods and 
many-a-times used as a conversion factor to determine volume of foods.  Direct 
determination of volume of a food is difficult since it greatly depends on the nature of the 
sample and the experimental technique used. There several measurement techniques for 
density that involve separately determining mass and volume of the food sample. 
However, traditional volume measurement is commonly associated with drawbacks such 
as repeated calibration, laborious and operator dependence (Rahman 2009). Solid 
displacement technique using rapeseed commonly used for volume determination of 
baked foods encounters a number of problems such as seed spillage, adherence of seed to 
product, seed clumping and the need for frequent cleaning of seed. This in turn makes it 
tough to determine density using this conventional routine of measuring mass and volume 
independently. This necessitates the need for a more reliable method to directly 
determine density of any food material.   
 
Numerous non-destructive imaging methods have been developed in recent decades for 
the evaluation of foods. Availability of advanced technology has exploited the use of 
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such methods for qualitative and quantitative applications (Mohsesin, 1986).  Imaging 
techniques such as x-ray computed tomography (CT), magnetic resonance imaging (MRI) 
and ultrasound can now characterize food products based on physical, mechanical, 
optical, electro-magnetic, thermal, etc. properties (Gunasekaran, 1985, Kotwaliwale et al, 
2011). X-ray imaging is being used on a large-scale in the food and agricultural industry 
for quality control evaluation. It has been used specifically for qualitative inspection of 
food products to detect hidden defects or contaminants. Although it has a relatively high 
cost its use has continued to expand in the food industry (Haff, 2008).  
 
The proposed method looks at developing x-ray imaging technology for direct 
measurement of density of foods. Beer-Lambert’s law relates the absorption of light to 
the material through which the light passes (Jackson & Hawkes, 1980).  Applying the law, 
the exponential attenuation of intensity for x-ray photons as they traverse a target 
material can be described as follows, 
  (4.1) 
 
Where I = intensity of transmitted x-rays 
I0 = intensity of incident x-rays 
µ = linear attenuation coefficient 
t = thickness of material through which x-rays have traveled 
 
Differences in the linear attenuation coefficients within a material are responsible for the 
x-ray image contrast (Falcone et al., 2005). Linear attenuation coefficient (µ) is 
dependent on the density of a material. Linear attenuation coefficient can be normalized 
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by dividing it by the density (ρ) of the element or compound, resulting in a value that is 
constant for a particular element or compound.  This constant (µ/ρ) is known as the mass 
attenuation coefficient and has units of cm2/g (Bushberg, 2002). Thus, the mass 
attenuation coefficient is independent of density for a particular element or compound 
while linear attenuation coefficient increases with increasing density.  
 
The Beer-Lambert’s equation can be re-written as,  
 
 
 
(4.2)  
Where mass thickness, x = ρt 
 
For composite materials, the individual contributions of chemical elements can be 
summed for total intensity (Choi et al., 1975),  
 
 
(4.3) 
 
Alternatively, when the composite material of a single thickness is a homogeneous 
mixture of different chemical elements, simple additivity can be used to determine the 
values of the mass attenuation coefficient, µ/ρ, for the material (Jackson & Hawkes, 
1980). 
 
`  
(4.4) 
Where wi is the fraction by weight of the ith constituent. 
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The Beer-Lambert’s law is ideally valid only for monochromatic x-ray source. In case for 
polychromatic x-ray sources, a lower x-ray beam becomes strongly adsorbed than the 
higher energy resulting in attenuation of a homogenous sample not being proportional to 
its thickness (Busignies et al, 2006). This produces distortions and false density gradients 
due to the hardening of the beam. However, such artifacts can be corrected by use of a 
pre-filter for the x-ray beam. Mathematical algorithms are also present to rectify the 
irregularities due to such polychromatic beams.  
 
The International Union of Crystallography (IUCr) X-ray Attenuation Project employed 
various experimental techniques for the determination of µ/ρ and tabulated the measured 
values for a range of elements, compounds and mixtures (Hubbell, 1994; Jackson & 
Hawkes, 1980). The values of µ/ρ, for photon energies 1 keV to 20 MeV, for all elements 
Z = 1 to 92 and for 48 compounds and mixtures of radiological interest are documented 
in a database by National Institute of Standards & Technology 
(http://www.nist.gov/pml/data/xraycoef/index.cfm). However, there is no attenuation data 
of useful interest for the application for density determination of food materials. As 
described earlier, the characteristic property of x-ray attenuation coefficients can be 
quantified to determine density of food material. For that purpose, x-ray mass attenuation 
coefficient of fundamental food components (µ/ρ) such as carbohydrates, proteins, fats, 
and salts, water needs to be evaluated. 
 
Computed tomography (CT) a medical imaging technique uses x-rays to generate cross-
sections of 3D image of an object from a large series of 2D images taken around a single 
99 
 
99 
axis of rotation. The term micro indicates that the pixel sizes of the cross-sections are in 
the micrometer range.  
 
CT has been proven to be a useful technique for quantitative and qualitative analysis of 
the constituents of many food items. It has been used to quantitatively analyze the 
geometrical distribution of fat and proteins in meat products (Frisullo, 2009), to 
understand the role of sugar and fat in cookies (Pareyt et al, 2009), apple tissue (Mendoza 
et al., 2007) and investigate the rise of dough (Bellido, 2006).  
 
Mathematical algorithms are used to reconstruct the cross-sectional image resulting in a 
quantitative map of the linear x-ray attenuation coefficients at each point in the plane. In 
a homogenous (monochromatic) x-ray beam, all photons have same energy, whereas in a 
heterogeneous beam (polychromatic) the x-ray photons have different energies. A typical 
industrial CT uses a Bremsstrahlung radiation source which emits polychromatic 
radiation. Photons are emitted over a range of energies from zero to the peak energy 
(Phillips and Lannutti, 1997). The goal of the CT is to calculate the linear attenuation 
coefficient µ (1/cm). The values of I and I0 and thickness t can be measured by the 
detector, and hence µ can be calculated. However, the attenuation of a polychromatic or 
heterogeneous beam is different than that of a homogeneous beam resulting in complex 
relationships between transmitted intensity and attenuation coefficients. Hence, 
appropriate approximations are required to determine the linear attenuation coefficients 
from a heterogeneous beam (Seeram, 2009). The Beer-Lambert’s law is then modified to 
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  (4.5) 
 
Where N is the number of transmitted photons  
N0 is the number of photon incident on the material  
µ is total linear attenuation coefficient 
 Apparent Density using X-ray Linear Attenuation Coefficients 4.1.1
X-ray attenuation for energies, E<511 keV is due to photoelectric absorption, Compton 
scattering, and Rayleigh scattering (Cho et al., 1975). The total spectral attenuation 
coefficient µ can be given by, 
 ! = !!!!"! + !!"#$%"& + !!"#$%&'!   (4.6) 
 
However, x-ray attenuation is dominated by Compton scattering and photoelectric 
absorption while Rayleigh scattering photon interaction is negligible (Phillips and 
Lannutti, 1997). Thus, the total spectral attenuation is, 
 ! = !! ! = !!!!"!! ! + !!"#$%"&! ! (4.7)  
 
Where µ/ρ is the mass attenuation coefficient 
 
The photoelectric attenuation depends on the atomic number, Z of the absorbing material 
and the energy E of the radiation. The mass attenuation coefficient due to photo electric 
effect can thus be approximated as (Heismann et al., 2003),   
 !!!!"!! =   ! !!!!    (4.8) 
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Where α = constant and classically k= 4-5 depending on the energy and elements 
involved and l= 3.1 (Cho et al.,1975). 
 
For E< 140 keV, the Compton scattering attenuation is independent of Z and E, and given 
by a constant as follows (Heismann et al., 2003), 
 !!"#$%"&! = ! (4.9) 
 
Substituting equation (5) and (6),  
 ! !,!,! =   !" !!!!.! + !" (4.10) 
 
Thus, at higher energies E, µ is ruled by Compton scattering, i.e., the density ρ of the 
absorber. While at lower energies the photoeffect and thus the atomic number Z tends to 
dominate. This energy dependence provides the principle of the ρZ projection (Heismann 
et al., 2003). In the ρZ projection method, density was expressed as a direct function of 
two attenuation values µ1 and µ2 with different spectral weighting. The x-ray spectral 
weighting was a function of the x-ray source and detector sensitivity modifications.  
 
Consider x-ray attenuation coefficients, µ1 and µ2 at two different energies E1 and E2, the 
ρZ projection algorithm results in the following equation for density (Heismann et al., 
2003), 
 !!!! = !  !!!  !! !!"!  (4.11) 
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Where !! = ! !! !!!.!   !"   (4.12) 
 
Thus ! = 1! !!!! − !!!!!! − !!  (4.13) 
 
Where µ1 and µ2 are linear attenuation coefficients at two different x-ray energies E1 and 
E2, 
 g1 and g2 are weighted functions of the x-ray tube spectrum and detector sensitivity at the 
two x-ray energies E1 and E2 
β is the scattering attenuation constant  
 
 !! = !!!! !! + ! !! − !!!!  (4.14) 
 
Substituting,     ! = !!!! (4.15) 
 
We get, 
 ! = !!   − !"!! − !"  (4.16) 
 
Rearranging equation (4.16),  
 !   !!! − ! = !!! − !  (4.17)  
 
Substituting equation (4.10) and αZk = constant m, we get 
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 !   ! 1!!!.! + ! − ! = ! 1!!!.! + ! − !  (4.18) 
 
 ! = !!!! !.! (4.19) 
 
And, ! =   !!!!!.! − !!!!!.!! !!!.! − !!!.!  (4.20) 
 
Simplifying ! = !! − !!!!   1− !  (4.21) 
   
Where ! = !!!! !.! 
This is the fundamental equation which shows that apparent density is a direct function of 
the x-ray linear coefficients at two different energies. 
 
The absolute precision of the ρZ projection evaluated by Heismann at al., (2003) for 
water solutions was found to be to be Δρ=20 mg/cm3. Most industrial CTs contain filters 
at the x-ray source and detector to eliminate any lower energy photons to avoid any 
interactions with the object. The standard error of the mean characterizes the noise 
present in the measurement of an average CT value. The important characteristic of a CT 
system is the precise reproducibility that can be obtained in its measurements over a large 
number of scans (Phillips and Lannutti, 1997). 
 
Direct determination of density using x-ray radiography requires the knowledge of 
thickness of the food material. This limitation can be overcome by using computed 
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tomography (CT). CT has the ability to determine linear attenuation through a material 
for a set thickness. Hence a different approach can be used to directly determine density 
of the food material.  
 
In this study, the first objective was to determine the x-ray linear and mass attenuation 
coefficients (µ/ρ) of pure fundamental pure components and determine apparent density 
of foods. The second objective was to use x-ray linear attenuation coefficients at two 
energy levels to quantitatively determine the apparent density of food materials.  
 
 Materials and Methods 4.2
 
Classic white sliced and whole wheat sliced bread were obtained from a local grocery 
store. Samples of white and wheat bread of fixed dimensions were cut and arranged in a 
series of increasing number of slices i.e. 1, 2 3, and 4. Their specific dimensions (length, 
breadth and height) were measured with a vernier caliper (Mitutoyo Corp, USA).  
 
Pure food components representative of carbohydrates, proteins, and salt such as dextrose, 
casein, sodium chloride,.. were obtained from Fisher Scientific (Pittsburg, PA). 
Concentrations of dextrose, lactose, sucrose, and starch at 10, 30 and 60% were prepared 
using distilled water. Similarly albumin, casein, gluten, sodium chloride, potassium 
chloride at various concentrations up to 30% and milk salt were prepared in distilled 
water.  Milk salt was prepared according to the recipe reported by Jenness & Koops 
(1962). Since the concentration of salt components among food products is very small 
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compared to other major components in food products, milk salt can be assumed as a 
basic salt for all food products (Choi, 1985). Vegetable oil and butter were obtained from 
a local grocery store.  Increasing quantities of different thickness (0.5, 1, 1.5, 2, 2.5, and 
3cm height) of each concentration of the food components were prepared in clear acrylic 
plastic containers of 1 5/8”x 1 5/8”x 2 3/16” dimensions (TAP Plastics, CA). 
 
Density of the solution concentrations was externally determined using a 25-ml glass 
pycnometer (Cole Parmer, IL) for determining their corresponding x-ray mass attenuation 
coefficients.  
 
Simple baked foods including different types of breads having a range of densities were 
purchased from a local grocery store for their density determination. They were cut into 
specific sizes, weighed and their dimensions were measured with a vernier caliper. Multi-
constituent foods having 2 or more distinct constituents including cream-filled cakes, 
granola bars were measured and weighed as a whole to avoid any tampering of the 
sample. The apparent density of the food was determined from the volume calculated 
from the characteristic dimensions in triplicate. 
 
Food and Nutrient Database for Dietary Studies (FNDDS 3.0) was used to determine the 
food composition (FNDDS, USDA, ARS  2010a). A suitable food code whose item 
description closely matched the food was selected and corresponding food composition 
was noted.  
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Statistical software JMP 5.0.1 (SAS Institute, Cary, NC) was used to conduct analysis of 
variance data. Least significant differences were calculated to compare mean values, with 
significance defined at p < 0.05. 
 
 X-ray Radiography Procedure 4.2.1
 
Samples were scanned on x-ray digital radiograph, RapidStudy EDR6 (Sound-Eklin, CA) 
located at School of Veterinary Medicine, Purdue University. The scanning parameters of 
the x-ray radiograph were selected to be at 60 kVp and 2.5m-As. An empty container was 
placed in each scan to act as a control. In x-ray scans involving food materials, along with 
an empty container, a container containing distilled water were placed to act as control 
for standardization of images. X-ray images were exported and processed using ImageJ 
software (http://rsbweb.nih.gov/ij/ ). Each sample was segmented and its x-ray intensity 
(-ln I/I0) was determined from grayscale of the sample and control.  
 
For the second experiment involving determining density using x-ray linear attenuation 
coefficients at two energy levels, the Compton scattering coefficient β needs to be 
calculated. 
  
Rearranging equation (4.10)  
 !! = !!! 1!!.! + !  
 
(4.22) 
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The values of µ/ρ, for photon energies 1 keV to 20 MeV, for water are documented by 
NIST as mentioned earlier. The values were substituted in the equation (4.22) above, and 
plotted to determine the value of intercept, i.e. Compton scattering attenuation coefficient, 
β and slope, m =αZk.   
 
After obtaining β and m, the x-ray system weighting constant c (function of x-ray source 
and detector) can be determined from equation (4.16) using water as a standard. For this 
purpose, distilled water was placed with increasing slices of white and wheat bread and 
scanned at 40, 60 and 80 kVp. X-ray linear attenuation coefficient was determined from 
the intensity and height of sample. The corresponding values were substituted in equation 
(4.22) to obtain the values of photon energy E at that particular tube voltages.  
Subsequently the x-ray system weighting constant c was determined using equation (4.19) 
for the particular set of tube voltages. 
 
The x-ray linear attenuation coefficients of the increasing slices of white and wheat bread 
samples was determined from the intensity and height. The values were substituted in the 
equation (4.21) to obtain the apparent density.  
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 Micro CT Procedure 4.2.2
 
MicroCT 40 (Scano Medical Inc.,PA) located at Purdue University (Department of 
Nutrition Sciences, West Lafayette, IN) was used to obtain CT data. The desktop cone-
beam microCT had x-ray energies of 45, 55 & 70 kVp. The largest sample cell of 
35.6mm diameter and medium resolution was selected for scanning the bread samples. 
Each of the bread samples was cut to fit into the sample cell with minimal damage to the 
structure using serrated cutter. Cotton was placed on top and below the sample in the cell 
to ensure no movement of sample during scanning. The sample cell was covered with a 
paraffin film to avoid any possible moisture loss. Each sample was scanned to obtain 100 
slices of 0.036mm thickness. Porous foods were scanned on the microCT at 45, 55 and 70 
kVp energy levels. The linear attenuation coefficient, µ was obtained from directly from 
the microCT reconstruction software for each slice at every energy level. Mean linear 
attenuation coefficient was a sample was obtained and it was used to directly determine 
density using the equation described earlier. Few liquid foods such as tomato paste, 
mayonnaise, and soybean oil were also evaluated to validate the accuracy of density 
measurement using x-ray imaging. For these foods, apparent density was externally 
determined using an aluminum-alloy pycnometer (Cole Parmer, IL).  
 
Distilled water was scanned at all the three energy levels 45, 55 and 70 kVp in the 
microCT to obtain the x-ray system weighting constant c using equation (4.19). Thus, 
both β and m (previously determined during x-ray radiography procedure) and x-ray 
linear attenuation coefficients of water were substituted in the equation (4.22) to obtain 
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the corresponding photon energy E for that particular tube voltage. Subsequently, the x-
ray system constant c was determined using equation (4.19) for the particular set of tube 
voltages. Thus a direct relationship between apparent density of the material and x-ray 
linear attenuation coefficients was obtained as shown in equation (4.21). 
 
 Discussion and Results 4.3
 
 Apparent Density using X-ray Mass Attenuation Coefficient 4.3.1
 
The use of x-ray imaging for quantitative analysis requires the validity of Beer-Lambert’s 
law, which essentially states that x-ray attenuation is linearly proportional to thickness. 
Non-linearity of x-ray attenuation can result in numerous artifacts such as beam 
hardening, which can affect the quantitative measurements (Busignies et al., 2006). Beam 
hardening is preferential attenuation of lower energy photons resulting in false density 
gradients. It can be corrected mathematically using reconstruction correction algorithms. 
In order to check for beam hardening, classic white and whole wheat bread samples were 
scanned on the x-ray digital radiograph (Figure 4.1). A linear relationship was observed 
between x-ray intensity and thickness (height) verifying the Beer-Lambert’s law as 
shown in Figure 4.2. Hence, there was no observed beam hardening effect and no 
mathematical corrections were required for application during quantification.  
 
110 
 
110 
          
Figure 4.1 Increasing slices of classic white bread, accompanied by distilled water and 
control 
 
 
Figure 4.2 Linear plot of intensity against increasing height of classic white and whole 
wheat bread slices verifying Beer-Lambert’s law 
 
In order to determine the x-ray mass attenuation coefficients of fundamental pure 
components of food, the samples were prepared as previously described. Samples of each 
pure component were scanned as shown in the Figure 4.3 below. Increasing quantities of 
distilled water was scanned separately for standardization. The x-ray intensity (-ln I/I0) 
was determined from the grayscale values and plotted against the thickness of the 
solution for every concentration. Corresponding graphs showing linear behavior as 
described by Beer-Lambert’s law were observed (Figure 4.4) and their slopes were noted. 
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These slopes represent the linear attenuation coefficient for that concentration of the 
sample solution. Similar graphs were obtained for all the concentrations of food 
components (Appendix B). 
               
Figure 4.3 Increasing quantities of 30 % Sucrose solutions, along with distilled water and 
control 
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Figure 4.4 Linear attenuation coefficient of the concentration of pure component sucrose 
obtained as a slope in a plot of x-ray intensity against thickness 
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The slopes gave the linear attenuation coefficients of the fundamental components of 
foods. The individual linear attenuation coefficients for pure components (Table 4.1) 
were obtained by solving the linear slope equations obtained from the plots (Figure 4.4) 
simultaneously. The mass attenuation coefficients for each concentration of the solution 
were obtained by dividing the linear attenuation coefficient by its density. They are 
tabulated in Table 4.1below.  
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Table 4.1 X-ray linear attenuation coefficients (µ) and mass attenuation coefficients (µ/ρ) 
of pure food components at 60 kVp on x-ray radiograph 
 µ (1/cm) SD 
µ/ρ 
(cm2/g) SD 
Average 
µ/ρ 
(cm2/g) 
SD 
Carbohydrates 
Dextrose 0.259 0.008 0.163 0.011 
0.164 0.0098 
Lactose 0.253 0.01 0.165 0.01 
Sucrose 0.276 0.018 0.179 0.017 
Starch 0.248 0.009 0.148 0.007 
Protein 
Albumin 0.252 0.02 0.215 0.022 
0.219 0.011 Casein 0.279 0.015 0.238 0.012 
Gluten 0.259 0.015 0.205 0.01 
Fat 
Vegetable oil 0.199 0.003 0.202 0.003 
0.1919 0.016 
Butter oil 0.151 0.009 0.18 0.01 
Salt 
Milk salt 0.398 0.01 0.405 0.01 
0.4627 0.120 
Sodium 
Chloride 
0.558 0.023 0.382 0.013 
Potassium 
Chloride 
0.832 0.046 0.601 0.027 
Water Distilled water 0.2074 0.00443 - - 0.2069 0.0051 
 
The x-ray mass attenuation coefficient of the fundamental pure components of foods at 
different concentrations (Table 4.1) and varying thickness (heights) data can be plotted as 
shown in Figure 4.5. It is found that all the data lies along a narrow path. Thus, the slope 
represents the x-ray mass attenuation coefficient of all food materials. Mass attenuation 
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coefficient can be approximated to a single value for convenience purposes as shown in 
the Figure 4.5.  
 
 
Figure 4.5 Approximation of mass attenuation coefficient (µ/ρ) avg for food components at 
60 kVp given by the slope of the plot 
 
The apparent density of the simple foods purchased from the local grocery store was 
determined from the weight and dimensions. For these foods, the fundamental component 
composition of the samples was obtained from FNDDS 3.0 (FNDDS, USDA, ARS  
2010a), and based on the additive property of mass attenuation coefficient described 
earlier in equation (4.4); the total mass attenuation coefficient for the food based on its 
composition was calculated (Table 4.2).  
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Table 4.2 Food composition information from FNDDS and corresponding calculated x-
ray mass attenuation coefficients at 60 kVp 
 FNDDS 
Food Code 
Food composition information in terms 
of mass fraction 
X-ray mass 
attenuation  
coefficient 
based on food 
composition 
µ/ρ, (g/cm2) 
Water Protein Fat Carbo-
hydrate 
Hard Bread Roll 51153000 0.317 0.101 0.044 0.515 0.178 
French Bread 51107010 0.284 0.120 0.019 0.552 0.176 
Classic White 
Bread 
51101000 0.436 0.088 0.025 0.352 0.170 
Rye Bread 51401010 0.383 0.087 0.034 0.436 0.174 
Cinnamon Bread 51122100 0.448 0.071 0.029 0.375 0.173 
Italian Bread 51122050 0.451 0.082 0.033 0.347 0.172 
Plain Bagel 51180010 0.369 0.102 0.016 0.491 0.179 
Sponge cake 53118100 0.300 0.055 0.027 0.613 0.177 
Whole Wheat 
English Muffin 
51202000 0.471 0.091 0.022 0.347 0.176 
Sweet 
Multigrain Rolls 
51620000 0.387 0.098 0.061 0.415 0.178 
Whole Wheat 
Bread 
51201010 0.401 0.135 0.035 0.359 0.175 
Angel Food 
Cake 
53101100 0.353 0.061 0.003 0.581 0.180 
Multigrain Bread 51601020 0.377 0.137 0.043 0.367 0.174 
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Food composition information from FNDDS and corresponding calculated x-ray mass 
attenuation coefficients at 60 kVp.  Continued 
Sourdough 
English muffins 
51186010 0.443 0.090 0.017 0.414 0.180 
Cornbread 52201000 0.403 0.070 0.091 0.399 0.179 
 
Thus x-ray mass attenuation (µ/ρ)  can be obtained using FNDDS composition 
information and in circumstances where composition information is not available the 
approximate  (µ/ρ)avg  obtained Figure 4.5 can be used. 
 
The thickness of the food samples was externally measured during the dimension analysis. 
After scanning the food samples, the intensity (-ln I/I0) was determined from the 
grayscale, and the apparent density was thus determined using the equation below, 
 
 
(4.23) 
 
 
Table 4.3 gives comparative analysis of the apparent densities for simple foods calculated 
from its x-ray intensity and using the dimension technique.  
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Table 4.3 Comparison of apparent density determined from x-ray intensity and dimension 
measurements for food samples. Density values are in g/cm3 
No Food Item Apparent density calculated from x-ray 
intensity at 60 kVp, g/cm3 
Apparent 
density 
calculated from 
dimensions 
Using 
(µ/ρ)avg = 
0.196cm2/g 
SD (µ/ρ) 
obtained 
using 
FNDDS 
composition 
info 
SD g/cm3 SD 
1 Hard Bread Roll 0.133a 0.047 0.146a 0.054 0.113a 0.022 
2 French Bread 0.118a 0.05 0.131a 0.055 0.124a 0.0095 
3 Classic White 
Bread 
0.171a 0.045 0.196a 0.05 0.137a 0.015 
4 Rye Bread 0.326a 0.099 0.366a 0.11 0.220a 0.019 
5 Cinnamon Bread 0.352a 0.065 0.398a 0.073 0.219a 0.028 
6 Italian Bread 0.269a 0.059 0.301a 0.066 0.224a 0.039 
7 Plain Bagel 0.245a 0.038 0.266a 0.041 0.225a 0.092 
8 Sponge Cake 0.403ab 0.109 0.449a 0.12 0.343b 0.063 
9 Whole Wheat 
English Muffin 
0.636a 0.078 0.703a 0.085 0.508a 0.053 
10 Sweet Multigrain 
Rolls 
0.238ab 0.074 0.259a 0.08 0.194b 0.016 
11 Whole Wheat 
Bread 
0.303a 0.017 0.334a 0.019 0.215b 0.011 
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Comparison of apparent density determined from x-ray intensity and dimension 
measurements for food samples. Density values are in g/cm3. Continued. 
12 Angel Food 
Cake 
0.317b 0.075 0.348a 0.082 0.238c 0.0087 
13 Multigrain Bread 0.385a 0.037 0.427a 0.041 0.241b 0.016 
14 Sourdough 
English Muffins 
0.407ab 0.12 0.441a 0.13 0.291b 0.016 
15 Cornbread 0.626a 0.028 0.685a 0.030 0.439b 0.057 
Values are means, n=3, Means with different letters in a row differ significantly, p<0.05 
 
Apparent density calculated from x-ray intensity was not significantly different from the 
apparent density calculated using a conventional dimension technique for foods 1-9 in 
Table 4.3. If composition was unknown, apparent density could be calculated using µavg 
derived from Figure 4.5 as shown in the Table 4.3. This apparent density was also not 
significantly different from the apparent density calculated via dimension technique for 
foods 1-9. However for the remaining foods 10-15, the apparent density calculated from 
x-ray intensity using food composition and (µ/ρ)avg was significantly higher than that 
determined from the conventional technique. The reason for this could be that though the 
x-ray radiograph is equipped with Al-filter to filter out lower energy photons, it is not 
completely monochromatic. Hence, the introduction of artifacts and distortions is 
possible in the images. Mathematical corrections and image processing techniques may 
be needed to compensate for such measurement errors. On comparison with density 
obtained from external dimensions, density determined from mass attenuation coefficient 
resulted in SD = 0.125 g/cm3 between the two methods for the same foods. 
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Figure 4.6 X-ray image of multi-component food samples; chocolate cake with creamy 
filling (on left) and mini blueberry muffins (on right) with containers for distilled water 
and control 
 
Multi-constituent foods i.e. foods containing 2 or more distinct constituents were scanned 
as is, for accurate representation of the food and avoid tampering of the sample and 
methodology errors during sample preparation (Figure 4.6). Similar process was used 
wherein the fundamental component composition of the foods was obtained from 
FNDDS, and the mass attenuation coefficient was calculated as shown in Table 4.4. 
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 Table 4.4 Food composition information from FNDDS and corresponding x-ray mass 
attenuation coefficients at 60 kVp 
 FNDDS 
Food Code 
Food composition information in 
terms of mass fraction 
X-ray mass 
attenuation  
coefficient 
µ/ρ, (g/cm2) 
Water Protein Fat Carbo-
hydrate 
Mini Blueberry 
Muffins 
52302010 0.249 0.054 0.195 0.485 0.177 
Chocolate Cake 
with Creamy 
Filling 
53108200 0.189 0.037 0.162 0.580 0.170 
Oats & Peanut 
Butter Granola 
Bar 
53543100 0.023 0.112 0.217 0.604 0.166 
Frosted 
Strawberry 
Toasted Pastry 
53530000 0.140 0.044 0.102 0.706 0.171 
Almond 
shortbread 
cookies 
53239000 0.038 0.062 0.245 0.637 0.169 
Sugar Cookies 
53241500 0.059 0.055 0.219 0.657 0.170 
 
 
Apparent density was then determined from the x-ray mass attenuation coefficients of the 
foods obtained from FNDDS food composition and the approximation.  For comparison, 
apparent density of the food was determined from its dimensions. The results of the 
comparative analysis are tabulated in Table 4.5. 
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Table 4.5 Comparison of apparent density determined from x-ray intensity and dimension 
measurements for multi-component foods. Density values are in g/cm3 
No Food Item Apparent density calculated from x-ray 
intensity at 60 kVp, (g/ cm3) 
Apparent density 
calculated from 
dimensions 
Using 
(µ/ρ)avg = 
0.196cm2/g 
SD (µ/ρ) 
obtained 
using 
FNDDS 
composition 
info 
SD g/cm3 SD 
1 Mini Blueberry 
Muffins 0.465a 0.0223 0.517a 0.0248 0.493a 0.0725 
2 Chocolate 
Cake with 
Creamy Filling 
0.642ab 0.0575 0.747a 0.0668 0.625b 0.0213 
3 Oats & Peanut 
Butter Granola 
Bar 
0.723a 0.0387 0.806a 0.0572 0.624b 0.026 
4 Frosted 
Strawberry 
Toasted Pastry 
0.785ab 0.0369 0.913a 0.043 0.853b 0.0152 
5 Almond 
Shortbread 
Cookies 
0.623a 0.0451 0.705a 0.0523 0.507b 0.025 
6 Sugar Cookies 0.578b 0.0259 0.669a 0.0354 0.566b 0.0198 
Values are means, n=3, Means with different letters differ significantly, p<0.05 
 
For foods that have 2 or more constituents, measuring density is always a difficult task 
due to the non-uniform nature of resulting food product. Additionally if the food is 
irregular shaped, sample preparation to a specific size may result in inaccurate 
representation of the whole food. At the same time, volume measurement of the whole 
food using dimension techniques may result in its over-estimation leading to a lower 
density value.  Apparent density of similar multi-component foods determined from the 
its x-ray intensity was found to significantly higher than apparent density measured using 
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dimension technique except for blueberry muffins and toasted pastry as shown in Table 
4.5. The lower apparent density using dimension technique may be due over-estimation 
of volume obtained using dimension technique. Also additional image processing 
techniques and mathematical corrections may help compensate the significant difference 
arising due to inadequacies of the x-ray radiograph. 
 
 X-ray Mass Attenuation Coefficients at Different Energy Levels  4.3.2
 
The x-ray mass linear attenuation coefficients of fundamental food components were 
determined at 60 kVp on x-ray radiograph. Figure 4.7 shows the relationship between x-
ray mass attenuation coefficients of water at different x-ray photon energies. Thus x-ray 
mass attenuation coefficients at particular energies for fundamental food components can 
be determined using similar relationships.  
 
 Figure 4.7 Relationship of x-ray mass attenuation coefficient of water against photon 
energy (eV) from NIST data 
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 Apparent Density using X-ray Linear Attenuation Coefficients  4.3.3
 
In order to use the apparent density algorithm, the value of Compton scattering 
coefficient, β was determined using the NIST water data for photon energies, E 10k-300k 
eV as per the equation (4.22) to obtain the value of intercept, β = 0.1731cm2/g and  slope, 
m = αZk = 1.3 x 1013 as shown in Figure 4.8. 
 
Figure 4.8 Mass attenuation coefficient of water (µ/ρ) from NIST, against corresponding 
photon-energies, E (10k -300k eV) to obtain the Compton scattering coefficient (β) as the 
resulting intercept according to equation (4.22) 
 
 
On x-ray digital radiograph 
White and wheat bread samples of increasing heights were scanned at 40, 60 and 80 kVp 
on x-ray digital radiograph.  The dimensions of the bread samples were measured 
externally. X-ray intensities were plotted against height in accordance with Beer-
Lambert’s law as shown in Figure 4.9 Figure 4.10 and Figure 4.11.  
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Figure 4.9 Linear attenuation coefficient (µ) of the bread samples obtained as a slope in a 
plot of x-ray intensity against thickness at 40 kVp 
 
 
Figure 4.10 Linear attenuation coefficient (µ) of the bread samples obtained as a slope in 
a plot of x-ray intensity against thickness at 60 kVp 
 
 
 
Figure 4.11 Linear attenuation coefficient (µ) of the bread samples obtained as a slope in 
a plot of x-ray intensity against thickness at 80 kVp 
 
 
Thus, the linear attenuation coefficients (µ) were obtained (Table 4.6) from the slopes 
acquired from the plots for white and wheat breads.  
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Table 4.6 X-ray linear coefficients of bread samples at 40, 60 and 80 kVp 
 Average linear attenuation coefficients,µ (1/cm) 
40 kVp 60 kVp 80 kVp 
White bread 0.0455 0.0324 0.0377 
Wheat Bread 0.0610 0.0448 0.0476 
 
 
Along with the bread samples, distilled water was scanned at 40, 60 and 80 kVp. The x-
ray linear attenuation coefficient of distilled water was used to determine the average 
photon energies E of the x-ray radiograph during the specific scans using equation (4.22) 
and substituting the values of m and β obtained from Figure 4.8. The results are tabulated 
in Table 4.7 
 
Table 4.7 X-ray photon energies (E) during the bread sample scans obtained from 
distilled water data 
Using distilled 
water data 
Average x-ray photon energy E, (eV) 
At 40 kVp 60 kVP 80 KVp 
For white bread 51543 95813.6 139305 
For wheat bread 49718.2 92620.8 118965 
 
The x-ray system constant c, was found (Table 4.8) by substituting x-ray linear 
attenuation coefficient values of distilled water in the equation (4.19) 
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Table 4.8 Values of x-ray system constant, c obtained from the x-ray linear attenuation 
coefficient of distilled water at the particular x-ray energies 
 X-ray system constant, c; at specific energies 
40 kVp & 60 
kVp 
60 kVp & 80 
kVp 
40 kVp & 80 
kVp 
For white bread 6.83 0.313 21.81 
For wheat bread 6.88 0.460 14.95 
 
 
Subsequently, the apparent density of the bread samples was determined using equation 
(4.21) for a pair of linear attenuation coefficients at corresponding energies. Table 4.9 
shows the comparison of apparent density values got via the density equation (4.21) and 
using a dimension measurement technique.  
 
Table 4.9 Apparent densities of the sample using density equation and conventional 
technique  
 Apparent densities of bread samples 
determined using density algorithm 
at specific energies, g/cc 
Apparent density using 
dimension techniques, g/cc 
Average SD Average SD 
White bread 0.279a 0.061 0.251a 0.023 
Wheat bread 0.342a 0.042 0.380a 0.031 
Values are means, n=3; Means with different letter in a row differ significantly 
 
Thus it was demonstrated that the apparent density equation (4.21) could be applied to x-
ray radiography system where the x-ray linear attenuation coefficients were manually 
calculated from known sample thickness.  
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On micro CT 
For micro CT, x-ray linear attenuation coefficient can be directly acquired from the 
machine software. The x-ray linear attenuation coefficients obtained on scanning distilled 
water in a small cylinder (diam= 1.23) and large cylinder (diam= 3.56cm) are tabulated in 
Table 4.10.  
Table 4.10 X-ray linear coefficients of distilled water obtained on the microCT  
CT  tube 
voltages 
At 45 kVp At 55 kVp At 70 kVp 
µ (1/cm) SD µ (1/cm) SD µ (1/cm) SD 
Small cylinder 0.692 0.002 0.574 0.002 0.477 0.002 
Large cylinder 0.597 0.003 0.492 0.003 0.410 0.003 
Values are means, n= 10; SD indicates the noise present in the CT data 
 
 
Thus, it was necessary to ensure that the appropriate values of distilled water are 
considered depending on the size of the cylinder used during measurement.  
The x-ray linear attenuation coefficient of distilled water was used to determine the 
photon energies E of the microCT using equation (4.22) and substituting the values of m 
and β obtained from Figure 4.8. The results are tabulated in Table 4.11. 
Table 4.11 X-ray photon energies (E) of microCT obtained from distilled water data 
Using distilled 
water data 
Average x-ray photon energy E, (eV) 
At 45 kVp 55 kVp 70 kVp 
For small cylinder 24116.44 26210.73 28631.14 
For large cylinder 22384.55 24526.03 26977.21 
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X-ray linear attenuation coefficients of distilled water were substituted in equation (4.19) 
to obtain the x-ray system weighting constant, c at the corresponding x-ray energies ( 
 
Table 4.12).  
 
Table 4.12 Values of x-ray system constant, c obtained from the x-ray linear attenuation 
coefficient of distilled water for the micro CT (ScanCo, Inc) at the particular x-ray 
energies 
X-ray system constant, c 45 & 55 kVp 55 & 70 kVp 45 & 70 kVp 
For small cylinder 1.28 1.3 1.68 
For large cylinder 1.32 1.34 1.78 
 
Thus, it was evident that it is necessary to run distilled water as a standard every time to 
determine the value of c at that particular instant of measurement. 
 
To investigate the application of the apparent density algorithm, a wheat bread sample 
was compressed and subsequent x-ray linear attenuation coefficients were recorded at 
each of three available x-ray tube voltages. Increasing number of bread slices were 
compressed to a height of 1.5cm and corresponding x-ray linear attenuation coefficient 
was noted.  It was observed that the x-ray linear attenuation coefficient decreased as the 
x-ray tube voltage increased (Table 4.13). Additionally at a particular energy, as the 
bread sample was compressed, an increase in x-ray attenuation was observed as the 
compression (porosity) increased since the slice thickness was constant in accordance 
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with Beer-Lambert’s law.  The standard error of the mean of the linear attenuation 
characterized the noise in the CT measurement.   
Table 4.13 X-ray linear coefficient of a CT slice (0.036mm thickness) of a wheat bread 
sample compressed resulting in decreasing heights at different x-ray energies 
No of wheat 
bread slices 
compressed to 
1.5cm height 
Average linear attenuation coefficients,µ at a particular x-ray energy 
 At 45 kVp At 55 kVp At 70 kVp 
µ (1/cm) SD µ (1/cm) SD µ (1/cm) SD 
2 0.206 0.012 0.171 0.028 0.142 0.019 
4 0.377 0.011 0.309 0.031 0.260 0.021 
6 0.609 0.013 0.493 0.052 0.410 0.028 
Values are means, n= 10; SD indicates the noise present in the CT data 
 
Apparent density was then determined using equation (4.21) and substituting the 
appropriate values of β, constant c and x-ray linear attenuation coefficients. Apparent 
density was calculated in triplicate for the three voltages and mean apparent density was 
recorded. As shown in Table 4.14, the apparent densities calculated using the density 
algorithm were in agreement with apparent density calculated using dimension technique. 
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Table 4.14 Apparent densities of whole wheat bread compressed resulting in decreasing 
heights using density equation (4.21) and dimension technique  
No of wheat bread 
slices compressed 
to 1.5cm height 
 
Apparent density  calculated 
using the density equation (4.21) 
Apparent density using 
dimension techniques  
(g/cc) SD (g/cc) SD 
2 0.326a 0.012 0.307a 0.017 
4 0.640a 0.031 0.607a 0.015 
6 0.959a 0.02 0.939a 0.051 
Values are means, n=3; Means with different letter in a row differ significantly 
 
Different food samples were then scanned at x-ray tube voltages and their linear 
attenuation coefficients were obtained as shown in Table 4.15 for the available x-ray 
voltages.  
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Table 4.15 X-ray linear coefficients of a CT slice (0.036mm thickness) of different 
porous food samples at different x-ray energies  
Food Items Average x-ray linear attenuation coefficients,µ (1/cm) 
At 45 kVp At 55 kVp At 70 kVp 
 SD  SD  SD 
French 0.105 0.0058 0.086 0.0048 0.073 0.005 
Rye 0.175 0.023 0.128 0.0098 0.109 0.0072 
Multigrain 0.18 0.013 0.147 0.0045 0.128 0.014 
Sponge cake 0.172 0.0048 0.145 0.0045 0.120 0.0037 
Cornbread 0.309 0.011 0.259 0.0071 0.213 0.0069 
Sugar cookie 0.385 0.045 0.324 0.037 0.272 0.031 
Granola bar 0.449 0.0179 0.365 0.0171 0.301 0.015 
Shortbread cookie 0.398 0.005 0.329 0.003 0.279 0.002 
Pop tart  0.629 0.049 0.518 0.050 0.426 0.047 
Soybean oil 0.410 0.002 0.358 0.001 0.313 0.002 
Mayonnaise 0.542 0.003 0.461 0.002 0.389 0.002 
Tomato paste 0.801 0.002 0.661 0.001 0.547 0.003 
Values are means, n= 10; SD indicates the noise present in the CT data 
 
The mean apparent density was then determined for these porous foods using the density 
equation (4.21) by calculating for the three combinations of voltages and compared to 
apparent density obtained via dimension technique as shown in Table 4.16.  
 
133 
 
133 
Table 4.16 Apparent densities of porous foods determined using density equation (4.21) 
and conventional technique 
Food Items Apparent density  calculated 
using the density equation (4.21) 
(g/cc) 
Apparent density using 
dimension techniques (g/cc) 
(g/cc) SD (g/cc) SD 
French 0.159a 0.036 0.124a 0.0095 
Rye 0.307a 0.034 0.224b 0.039 
Multigrain 0.241a 0.061 0.243a 0.013 
Sponge cake 0.277a 0.043 0.343a 0.063 
Cornbread 0.457a 0.064 0.439a 0.057 
Sugar cookie 0.667a 0.028 0.566b 0.02 
Granola bar 0.546a 0.049 0.624a 0.026 
Shortbread cookie 0.643a 0.073 0.662a 0.011 
Pop tart  0.823a 0.035 0.853a 0.015 
Soybean oil 0.959a 0.020 0.925a 0.001 
Mayonnaise 0.937a 0.048 0.916a 0.006 
Tomato paste 1.085a 0.012 1.095a 0.007 
Values are means, n=3; Means with different letter in a row differ significantly 
 
For majority of the foods there was no significant difference between the apparent 
densities. But only for rye bread and sugar cookie, the apparent density was significantly 
different on comparison. . In the case of liquid foods such as tomato paste, mayonnaise, 
and soybean oil, there was no significant difference on comparison with pycnometer 
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density. This further established the validity of density determination from x-ray linear 
attenuation coefficients.  On comparison with density obtained from external dimensions, 
density determined from linear attenuation coefficients resulted in SD = 0.052 g/cm3 
between the two methods for the same foods. This shows the universality of the apparent 
density algorithm for application to different x-ray imaging techniques. 
 
 Conclusion & Future Work 4.4
 
X-ray imaging was successfully applied to directly determine apparent density of food 
materials. It was demonstrated that apparent density can be calculated from x-ray mass 
attenuation and linear attenuation coefficients.  
 
For the foods with known composition, x-ray mass attenuation coefficient was 
determined based on the weight fractions of the fundamental food components. If the 
composition is unknown, it was shown that the average mass attenuation coefficient 
could be used to directly determine apparent density of food materials. The method was 
also effectively applied to determine apparent density of multi-constituent foods. There 
were significant differences in apparent density on comparison possible due to 
polychromatic nature of the x-ray beam. Mathematical algorithms and imaging 
processing techniques need to be explored to compensate for the errors and improve the 
accuracy of the density determination. Direct density determination using x-ray mass 
attenuation coefficient required the knowledge of thickness of sample. One way to 
determine thickness using x-ray imaging is to scan the food sample at two different 
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angles and then using image analysis to determine the thickness. Now-a-days x-ray 
machines are equipped with laser technology that can help determine the thickness. 
 
The apparent density equation was successfully used to determine apparent density from 
x-ray linear attenuation coefficients obtained at two energy levels. There were significant 
differences in the values of apparent density on comparison with dimension technique 
only for a few porous foods. For liquid foods, there was no significant difference in 
densities indicating that there is a definite potential on using the equation (4.22) for direct 
density measurement.  
 
The translation of attenuation data to absolute material density for foods is complicated 
by varying structural porosity, multi-constituents, system noise and topographical 
artifacts. With ever improving technology, newer techniques have emerged in imaging 
which can help superior results. Dual-energy CT is one such technique wherein two x-ray 
source tubes simultaneously acquire images at high and low energy images. This results 
in energy-dependent images proportional to the attenuation. Dual-energy x-ray 
tomography can considerably improve the quality and results of the data (Rizescu et al., 
2001). Such improvements in x-ray imaging allows for newer applications to emerge that 
were not possible earlier. Direct density determination technique will be advantageous for 
rapid density determination of food products. Moreover, it could easily be applied to all 
kinds of foods and all shapes of foods 
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 DETERMINATION OF POROSITY USING X-RAY LINEAR CHAPTER 5.
ATTENUATION COEFFICIENTS AND IMAGE PROCESSING & ANALYSIS 
 Background and Introduction 5.1
 
Porosity of foods is a common parameter to assess the consistency and quality of baked 
foods.  The visual porous structure relates to the consumer perception of the quality of 
foods (Wang et al., 2011). At the same time porosity can be an indirect method to obtain 
density of food materials. Common methods to characterize porosity include gas 
porosimetry and gas adsorption techniques. In mercury porosimetry, pore volume is 
determined directly from the amount of mercury intruded into the material at high 
pressure while in gas adsorption methods, total pore volume is determined from the 
adsorption/desorption isotherms (Farber et al., 2003).  
 
X-ray imaging has been widely used in the form of x-ray tomography to determine 
porosity and pore size distribution in a porous material. Methods have been developed to 
characterize quality by creating three-dimensional reconstructions from two-dimensional 
image slices and measuring porosity (Falcone et al., 2004, 2006; Lim, 2004, Babin et al., 
2006).  However these method involve a thresholding step or mathematical operations 
which estimates the pore volume based on grayscale or intensity histogram of the image.  
141 
In this study, two approaches to determine porosity using x-ray imaging have been 
demonstrated. The first objective of the study was to determine porosity based on the x-
ray linear attenuation coefficients of the food material. The second objective was the 
determine porosity using mathematical algorithms involving thresholding. 
 
 Porosity as a Function of X-ray Linear Attenuation Coefficients 5.1.1
 
The Beer-Lambert’s law shows the relationship between the intensity of the x-rays as a 
function of attenuation and thickness (Jackson & Hawkes, 1980).   
  (5.1) 
 
Where I = intensity of transmitted x-rays 
I0 = intensity of incident x-rays 
µ = x-ray linear attenuation coefficient 
t = thickness of material through which x-rays have traveled 
 
The x-ray mass attenuation coefficient (µ/ρ) is obtained on dividing linear attenuation 
coefficient by the density (ρ) of the element or compound, resulting in a value that is 
constant for a particular element or compound.  For a composite material, simple 
additivity can be used to determine the values of the mass attenuation coefficient, µ/ρ, for 
the material. 
 
 
(5.2) 
Where wi is the fraction by weight of the ith constituent. 
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This relationship for composite materials can be extended to linear attenuation coefficient 
as a function of volume of individual elements as given below, 
 ! = !!!!!  (5.3) 
 
For porosity, the above equation can be described in terms of air and solid portions of a 
porous material. 
 ! = !!!! + !!!! (5.4) 
Where µ = Linear attenuation coefficient of the porous material 
µs = Linear attenuation coefficient of solid portion of material 
vs = Volume fraction of solid portion 
µa = Linear attenuation coefficient of air 
va = Volume fraction of air 
 
X-ray linear attenuation coefficient of air is extremely low, and hence negligible. Further, 
the linear attenuation coefficient of solid portion can be characterized as a function of 
individual linear attenuation coefficients of fundamental components of food. 
 
 
! =   !!!! = !!!!!   !! =    !! !! !!   !! (5.5) 
Where µ = Linear attenuation coefficient of the porous material 
µs = Linear attenuation coefficient of solid portion of material 
vs = Volume fraction of solid portion 
µi = Linear attenuation coefficient of fundamental components of food, i.e. carbohydrates, 
proteins, fats, and water 
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w = weight fraction of fundamental components of food 
ρ = true density of fundamental components of food 
 
 And porosity can be easily calculated from solid volume fraction.  
 porosity = (1- vs) (5.6) 
 
Thus, it is necessary to first determine the true density of fundamental food components. 
Additionally if the food composition is known, weight fractions of the individual food 
components can be obtained from the composition. And subsequently from the x-ray 
linear attenuation coefficient, porosity of the food material can be determined. 
 
In order to determine x-ray linear attenuation coefficient of 100% pure fundamental food 
component, it may be necessary to determine the volume fraction (vs) of the 
representative powder samples. It can be calculated as a ratio of the bulk and true density 
of the sample under consideration.  
 !! = !"#$  !"#$%&'!"#$  !"#$%&' (5.7)  
 
Where !!= volume fraction of the sample 
Subsequently, the x-ray linear attenuation (µ) for 100% pure food component or 
food grains, based on volume fraction can be determined using the equation mentioned 
earlier,   
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 !! = !!!! (5.8) 
Where, !! = x-ray linear attenuation coefficient of the scanned powder sample !!= x-ray linear attenuation coefficient of 100% pure solid component 
 
 Porosity Determination using Image Processing & Analysis 5.1.2
 
X-ray imaging coupled with image analysis has become an important tool to study the 
structure of cellular food products.  Image analysis has been successfully applied to study 
porous foods such as aerated chocolate, mousse, marshmallow, muffins (Lim, 2004) and 
bread (Falcone, 2005). Amongst the large number of automatic thresholding algorithms 
present, Otsu’s algorithm has been previously used in image analysis for understanding 
the role of sugar and fat in cookies (Pareyt et al, 2009), and during characterization of 
microstructural properties of breaded chicken nuggets (Adedeji, 2008). Otsu’s method is 
a threshold clustering algorithm. It performs histogram-shape based image thresholding 
that minimizes the intra-class variance, defined as a weighted sum of variances of the two 
classes of pixels (foreground and background). The algorithm calculates the optimum 
threshold separating the two classes of pixels so that their combined spread (intra-class 
variance) is minimal (Otsu, 1979). After conversion of the gray-scale image into a binary 
image (black-white) using the above algorithm, porosity can be calculated by counting 
the number of pixels.  
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If the porosity and true density can be directly determined from composition, the apparent 
density of food materials can be obtained by,  
 !"#"$%&' = 1−   !""!#$%&  !"#$%&'!"#$  !"#$%&'  (5.9) 
 
Accordingly, complete density information of a porous food material can be obtained 
without any external measurement. 
 
 Materials and Method 5.2
 
 Porosity using X-ray Linear Attenuation Coefficients 5.2.1
 
On x-ray radiograph 
In order to determine porosity from x-ray imaging, the first step involves determining x-
ray linear coefficients of fundamental food components. Various concentrations 
representative of food components including carbohydrates, proteins, and fats were 
scanned on x-ray digital radiograph at 60 kVp and 2.5 mA-s as described earlier in 
4.2.14.2.1. X-ray linear attenuation coefficients were obtained as slopes from the plots of 
x-ray intensity against thickness of sample. The linear equations obtained from the plots 
were solved simultaneously to obtain linear attenuation coefficient for pure concentration 
of component.  
 
True density of fundamental food components were determined using AccuPyc 1340 
(Micromeretics, GA) gas-comparison pycnometer with a 3.53 cc insert for solid powders. 
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For fats, a 25-ml glass pycnometer (Cole-Parmer, IL) was used to determine their true 
density. 
 
Food and Nutrient Database for Dietary Studies (FNDDS 3.0) was used to determine the 
food composition (FNDDS, USDA, ARS 2010a). A suitable food code whose item 
description closely matched the food was selected and corresponding food composition 
was noted.  
 
Foods exhibiting different porous structures were scanned on the x-ray digital radiograph, 
RapidStudy EDR6 (Sound-Eklin, CA) at 60 kVp and 2.5 mA-s. Their x-ray intensity and 
thickness was noted to calculate the corresponding x-ray linear attenuation coefficients 
for the foods.   
 
On microCT 
The x-ray linear attenuation coefficients of the fundamental food components will 
be determined at 45, 55 and 70 kVp on the microCT. However, in this case the powder 
form of the samples (for carbohydrates, proteins and salts) was directly used for scanning 
and x-ray linear attenuation coefficient (µs) was determined of the sample component. 
The bulk density of the food materials was determined during x-ray scanning.  
Additionally, the true density of these components was separately measured using an gas-
comparison pycnometer, AccuPyc 1340, (Micromeretics, GA) for volume fraction (vs) 
calculation as described in equation (5.7).  Subsequently, the x-ray linear attenuation (µ) 
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for 100% pure food component was determined based on volume fraction (vs) according 
to equation (5.8) 
 
Food and Nutrient Database for Dietary Studies (FNDDS 3.0) was used to determine the 
food composition (FNDDS, USDA, ARS 2010a) using a suitable food code.  
 
Finally foods with different porous structure were scanned on micro CT (Scanco Medical 
Inc.) at 45 kVp, 55kVp and 70 kVp. Their corresponding x-ray linear attenuation 
coefficients were recorded.  
 
 Porosity by Image Processing & Analysis 5.2.2
 
The x-ray 2D images of the sample slices were exported to a computer and ImageJ 
software (http://rsbweb.nih.gov/ij/) was used to quantify the results. The scans were 
segmented to obtain similar sized rectangular region of interest from the middle part of 
the sample to eliminate possible artifacts (Babin et al., 2007). Thresholding operation was 
performed using Otsu’s algorithm (Otsu, 1979) to divide the grayscale image into 
foreground (air) and background (bread). These foreground pixels are colored black and 
the background are colored white (or reverse convention), producing a binary image 
(Russ, 2005).  Porosity of the food samples was determined from the ratio of the number 
of foreground (air) voxels divided by the total number of voxels in the image using 
ImageJ.  
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 Porosity by Calculation 5.2.3
 
Porosity was also be determined using a conventional approach of determining apparent 
and true density separately as shown in the equation (5.7).  For this purpose, true density 
of the food materials was determined using the empirical Choi-Okos true density 
equation (Choi and Okos, 1985) using the composition obtained from FNDDS 3.0 
(FNDDS, USDA, ARS 2010a). The apparent density was determined using the 
dimension technique with the help of a vernier caliper (Mitutoyo Corp, USA).  
 
Statistical software JMP 5.0.1 (SAS Institute, Cary, NC) was used to conduct analysis of 
variance data. Least significant differences were calculated to compare mean values, with 
significance defined at P < 0.05. 
 
 Discussion and Results 5.3
 Porosity Results using X-ray Linear Attenuation Coefficients 5.3.1
 
On x-ray radiograph  
The x-ray linear coefficients of fundamental pure components were determined from a 
previous study (4.2.1). Table 5.1 reports the x-ray linear attenuation coefficients of 
fundamental pure components obtained via x-ray digital radiograph at 60 kVp.  
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Table 5.1 X-ray linear attenuation coefficients of pure food components at 60 kVp 
obtained on x-ray radiograph 
Fundamental food components 
X-ray linear attenuation coefficient, µi 
µi (1/cm) 
SD 
Average µi 
(1/cm) 
SD 
Carbohydrates 
Dextrose 0.259 0.008 
0.259 
 
0.0122 
 
Lactose 0.253 0.01 
Sucrose 0.276 0.018 
Starch 0.248 0.009 
Protein 
Albumin 0.252 0.02  
0.263 
 
 
0.0140 
 
Casein 0.279 0.015 
Gluten 0.259 0.015 
Lipid 
Vegetable oil 0.199 0.003 0.175 
 
0.0339 
 Butter oil 0.151 0.009 
Water Distilled water -­‐	   - 0.2074 0.00443 
 
The results of the true density of the fundamental pure components of food determined 
using air comparison pycnometer and 25-ml glass pycnometer are tabulated in Table 5.2.  
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Table 5.2 True density of fundamental food components obtained from gas-comparison 
pycnometer 
Fundamental food components 
True density of food components, ρ 
ρ (g/cm3) SD 
Average ρ 
(g/cm3) 
SD 
Carbohydrates 
Dextrose 1.565 0.002 
1.554 0.037 
Lactose 1.542 0.001 
Sucrose 1.598 0.001 
Starch 1.511 0.001 
Proteins 
Albumin 1.354 0.001 1.325 0.028 
Casein 1.299 0.001 
Gluten 1.323 0.001 
Lipids 
Vegetable oil 0.927 0.08 
0.921 0.009 
Butter oil 0.915 0.11 
Salts 
NaCl 2.153 0.0008 
2.068 0.120 
KCl 1.9833 0.0006 
Water Distilled water -­‐	   - 1.04 0.04 
 
The composition of the food samples was estimated from FNDDS 3.0 (FNDDS, USDA, 
ARS 2010a) and used to determine the contribution of x-ray linear attenuation 
coefficients based on weight fraction and true densities (Table 5.2) of fundamental food 
components as shown in Table 5.3.  
151 
 
151 
Table 5.3 Contribution of x-ray linear attenuation coefficients from fundamental food 
components at 60 kVp 
 
FNDDS 
Food Code 
Food composition information  in 
terms of weight fraction obtained 
from FNDDS 
!! = !! !! !!  
(1/cm) 
Water Proteins Carbs Fats 
Classic White 
Bread 
51101000 0.44 0.089 0.025 0.35 0.1721 
French Bread 51107010 0.28 0.12 0.019 0.55 0.1795 
Angel Food 
Cake 
53101100 0.35 0.061 0.0028 0.58 0.1839 
Whole Wheat 
Bread 
51201010 0.40 0.14 0.035 0.36 0.1770 
Whole Wheat 
English Muffin 
51202000 0.47 0.091 0.022 0.35 0.1784 
µs is the x-ray linear attenuation coefficient of solid portion 
µi is the x-ray linear attenuation coefficient of fundamental pure component 
w is the weight fraction of fundamental pure component 
ρ is the true density of fundamental pure component 
 
 
The total x-ray linear coefficient of the food materials was acquired separately by 
dividing the x-ray intensity from the scanned image of the food sample by its known 
thickness of the sample. Thus, the volume fraction of the solid component of the sample 
was obtained using equation (5.5) and substituting the values of the total linear 
attenuation coefficient acquired separately and the contribution of x-ray linear attenuation 
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coefficients of fundamental food components from Table 5.3. The results are tabulated in 
Table 5.4. 
Table 5.4 Volume fraction of solid component of the foods  
Food 
µ of the food obtained from x-ray 
intensity and thickness at 60 kVp 
Volume fraction of solids 
according to equation 
(5.5) vs 
µ (1/cm) SD  SD 
Classic White Bread 0.0335 0.009 0.1949 0.054 
French Bread 0.0231 0.011 0.1291 0.065 
Angel Food Cake 0.0622 0.003 0.338 0.018 
Whole Wheat Bread 0.0594 0.01 0.340 0.056 
Whole Wheat English 
Muffin 
0.0790 0.007 0.3355 0.055 
 
Subsequently porosity of foods was determined using equation (5.6) from the volume 
fraction of solid. For comparison purposes, porosity was also determined by calculation. 
The results of comparative analysis are shown in Table 5.5.  
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Table 5.5 Porosity of foods obtained from linear attenuation coefficients and by 
calculation of apparent and true density 
Food Porosity from linear 
attenuation coefficients 
of pure food 
components, 
equations(5.5)(5.6), 
Table 5.9,  
Porosity by 
calculation (from 
dimensions and 
Choi-Okos equation) 
( 5.2.3) 
 SD  SD 
Classic White Bread 0.805a 0.054 0.887a 0.012 
French Bread 0.871a 0.065 0.906a 0.007 
Angel Food Cake 0.662b 0.018 0.826a 0.007 
Whole Wheat Bread 0.665b 0.055 0.823a 0.0090 
Whole Wheat English Muffin 0.557a 0.041 0.574a 0.045 
Values are means, n=3; Means with different letter in a row differ significantly 
 
It was found that there was no significant difference between the porosities obtained via 
both methods for majority of the foods. However for couple of the foods, the porosity 
determined by x-ray linear attenuation coefficients was significantly lower than that 
obtained by calculation. The comparison between the methods resulted in a SD = 0.131 
for the same foods. The lower porosity values for angel food cake and whole wheat bread 
could be due to varying x-ray intensities in an image. Since the porosity was determined 
correctly for other foods from composition, the x-ray linear attenuation coefficient of 
angel food cake and whole wheat bread was assessed to be higher than desired. Thus, a 
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more efficient x-ray digital radiograph could help eliminate such errors during 
quantification.  
 
On microCT 
A similar approach was applied to determine the porosity of foods on microCT using x-
ray linear attenuation coefficients. X-ray linear attenuation coefficients of fundamental 
food components were determined on microCT at the available x-ray tube voltages. The 
same food components were scanned at 45, 55 and 70 kVp and the results of the x-ray 
linear attenuation coefficient of the samples are tabulated in Table 5.6.  
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Table 5.6 X-ray linear attenuation coefficient of fundamental food component samples 
(µs) at microCT x-ray voltages 
Food components X-ray linear attenuation coefficient, µp of the sample 
powders at corresponding x-ray voltages 
At 45k Vp At 55 k Vp At 70 k Vp 
µs 
(1/cm) 
SD µs 
(1/cm) 
SD µs 
(1/cm) 
SD 
Carbohydrates Dextrose 0.487 0.005 0.411 0.006 0.351 0.006 
Lactose 0.444 0.004 0.37 0.004 0.315 0.003 
Sucrose 0.488 0.005 0.411 0.005 0.353 0.032 
Starch 0.463 0.002 0.386 0.002 0.326 0.002 
Proteins Albumin 0.394 0.004 0.32 0.003 0.263 0.003 
Casein 0.381 0.069 0.309 0.016 0.262 0.014 
Gluten 0.425 0.006 0.355 0.005 0.301 0.004 
Lipids Soybean oil 0.383 0.001 0.333 0 0.292 0 
Butter oil 0.387 0.001 0.337 0.001 0.295 0.001 
Salts NaCl 3.465 0.033 2.255 0.036 1.545 0.025 
KCl 4.039 0.016 2.787 0.037 1.808 0.018 
Water Distilled 
water 
0.603 0.001 0.494 0.001 0.413 0.002 
 
The carbohydrates, proteins and salts samples were in powder form and hence their 
volume fraction was determined based on their bulk and true densities (Table 5.7). 
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Table 5.7 Bulk and true densities and volume fraction of the fundamental food 
component powders 
Food components Bulk density 
from 
dimensions, 
(g/cm3) 
True density using 
gas-comparison 
pycnometer 
(g/cm3) 
Volume 
fraction 
(vs) 
  SD 
Carbohydrates Dextrose 0.956 1.565 0.002 0.611 
Lactose 0.839 1.542 0.001 0.544 
Sucrose 0.923 1.598 0.0006 0.577 
Starch 0.873 1.511 0.0005 0.578 
Proteins Albumin 0.559 1.354 0.0009 0.413 
Casein 0.642 1.299 0.0004 0.494 
Gluten 0.796 1.323 0.0006 0.602 
Salts NaCl 1.277 2.153 0.0008 0.593 
KCl 1.048 1.983 0.0006 0.528 
 
Subsequently, the x-ray linear attenuation coefficients for 100% pure fundamental 
components were calculated using equation (5.8) for the carbohydrates, proteins and salt 
using data from Table 5.6 and Table 5.7. The complete list of the values for micro CT is 
shown in Table 5.8. 
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Table 5.8 X-ray linear attenuation coefficients (µi) of 100% pure fundamental food 
components at different microCT x-ray voltages 
100% pure 
fundamental food 
components  
X-ray linear attenuation 
coefficient(µi) from Table 5.6 
and Table 5.7  
X-ray linear attenuation coefficient (µi) 
45k Vp 55k Vp 70k Vp At 45k Vp At 55k Vp At 70k Vp 
µi (1/cm) 
µi 
(1/cm) 
µi 
(1/cm) 
µi 
(1/cm) 
SD 
µi 
(1/cm) 
SD 
µi 
(1/cm) 
SD 
Carbohy 
drates 
Dextrose 0.797 0.673 0.575 
0.815 0.02 0.683 0.02 0.582 0.02 
Lactose 0.816 0.680 0.579 
Sucrose 0.845 0.712 0.611 
Starch 0.801 0.668 0.564 
Proteins 
Albumin 0.954 0.775 0.637 
0.811 0.13 0.663 0.10 0.556 0.07 Casein 0.771 0.625 0.530 
Gluten 0.706 0.590 0.500 
Fats 
Soy oil 0.384 0.334 0.293 
0.385 0.00 0.335 0.00 0.294 0.01 Butter 
oil 
0.386 0.336 0.294 
Salts 
NaCl 5.842 3.802 2.605 
6.743 1.27 4.538 1.04 3.013 0.59 
KCl 7.644 5.274 3.422 
Water 
Distilled 
water 
0.603 0.494 0.413 0.603 - 0.494 
 
0.413 - 
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The composition of the food samples was determined from the FNDDS 3.0 (FNDDS, 
USDA, ARS 2010a) and the contribution of x-ray linear attenuation coefficient in terms 
of weight fraction and true densities of fundamental food components (Table 5.2) was 
obtained at specific energies as shown in Table 5.9. 
 
Table 5.9 Contribution of x-ray linear attenuation coefficient of fundamental food 
components at the particular x-ray voltages 
Food items FNDDS 
Food 
Code 
Food composition information  in 
terms of weight fraction obtained 
from FNDDS 
!! = !! !! !!  
(Table 5.7 and Table 
5.8) (1/cm) 
Water Protein Fats Carbs At 45 
kVp 
At 55 
kVp 
At 70 
kVp 
French bread 51107010 0.284 0.120 0.019 0.552 0.542 0.450 0.380 
Whole 
wheat bread 
51201010 0.401 0.135 0.035 0.359 0.527 0.436 0.368 
Rye bread 51401010 0.383 0.087 0.034 0.436 0.527 0.437 0.369 
Multigrain 
bread 
51601020 0.377 0.137 0.043 0.367 0.522 0.432 0.365 
Sponge cake 53118100 0.300 0.055 0.027 0.613 0.547 0.455 0.385 
Corn bread 52201000 0.403 0.070 0.091 0.399 0.533 0.442 0.374 
µs is the x-ray linear attenuation coefficient of solid portion 
µi is the x-ray linear attenuation coefficient of fundamental pure component 
w is the weight fraction of fundamental pure component 
ρ is the true density of fundamental pure component 
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The x-ray linear attenuation coefficients of food items were previously recorded in Table 
4.15 (Chapter 4).  The volume fraction of the solid component of the food samples was 
obtained by substituting these x-ray linear attenuation coefficient values and the 
contribution of x-ray linear attenuation coefficients of fundamental food components 
from Table 4.7 in equation (5.5).  Thus, the porosity of foods was determined using 
equation (5.6) from the volume fraction of solid obtained in Table 5.8. For comparison 
purposes, porosity was also determined by calculation and the results are tabulated in 
Table 5.10. 
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Table 5.10 Volume fraction of solid component of the foods and corresponding porosity 
obtained from x-ray linear attenuation coefficients and by calculation (5.2.3) 
Food item X-ray linear attenuation 
coefficient, µ of the food 
items obtained on microCT 
Porosity from linear 
attenuation 
coefficients of pure 
food components 
based on powders, 
equations (5.5), (5.6) 
Table 5.9 
Porosity by 
calculation 
(from 
dimensions and 
Choi-Okos 
equations) 
( 5.2.3) 
At 45k 
Vp 
At 55k 
Vp 
At 70k 
Vp 
 SD  SD 
French bread 0.105 0.086 0.073 0.808b 0.001 0.906a 0.0073 
Whole wheat 
bread 
0.241 0.199 0.164 0.547b 0.006 0.823a 0.0091 
Rye bread 0.175 0.128 0.109 0.693b 0.022 0.819a 0.0315 
Multigrain bread 0.18 0.147 0.128 0.655b 0.005 0.802a 0.013 
Sponge cake 0.172 0.145 0.12 0.685a 0.004 0.713a 0.0525 
Corn bread 0.309 0.259 0.213 0.422b 0.008 0.633a 0.047 
Values are means, n=3; Means with different letter in a row differ significantly 
 
It was found that the porosities obtained via x-ray linear attenuation coefficients were 
significantly lower for majority foods scanned on microCT except sponge cake. The 
comparison between the methods resulted in a SD = 0.167 for the same foods. The 
porosities were significantly lower by a factor of 1.14 for the foods except for whole 
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wheat and corn bread where it was 1.5. The precise reason for low porosity could not be 
determined. One of the possible causes could the mis-match of the porous region used to 
obtained x-ray linear attenuation coefficient of the sample as against the whole sample 
used for apparent density measurement. The other reason could be the generic 
representation of the food in the FNDDS food code resulting in a difference in 
composition and leading to lower x-ray linear attenuation coefficient of the solid portion 
of the sample. 
 
 Porosity Results by Image Processing & Analysis 5.3.2
 
Porosity of the compressed wheat bread samples was determined by using the Otsu’s 
algorithm as described earlier. Figure 5.1 shows the images of a single CT slice of wheat 
bread on application of Otsu’s algorithm. The compression is effectively visualized in the 
binary images. 
 
   
Wheat bread – 1.5cm ht Wheat bread – 1cm ht Wheat bread – 0.5cm ht 
Figure 5.1 Images of a single CT slice thresholded using Otsu’s algorithm depicting 
compressed wheat bread having similar thickness (0.036mm) 
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On quantification the porosity values were in conjunction with the porosity values 
obtained conventionally. Conventionally, porosity was determined from the apparent 
density obtained via dimension technique and using the empirical true density equation 
based on composition (5.2.3) as shown in Table 5.11. 
 
Table 5.11 Porosities of the whole wheat bread compressed to obtain decreasing heights 
using image analysis and calculation done in duplicate 
Wheat bread Porosity using image processing & 
analysis (Otsu’s algorithm) 
Porosity by calculation 
(5.2.3) 
 SD    SD 
1.5 cm ht 0.656a 0.055 0.728a 0.057 
1.0 cm ht 0.536a 0.016 0.592a 0.028 
0.5 cm ht 0.313a 0.056 0.183a 0.057 
Values are means, n=2; Means with different letter in a row differ significantly 
 
 Figure 5.2 displays the histograms of certain foods.  A histogram depicts the graph of the 
number of pixels in the image plotted as a function of grayscale levels (0-255). For 
Otsu’s algorithm to work efficiently, the histogram needs to have a bimodal distribution 
between the background and foreground pixels. Hence special consideration needs to be 
given to the classic white bread histogram. No clear distinction is present due to the 
intricate porous structure resulting in high porosity values.   
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Classic white bread Cornbread Shortbread cookie Granola bar 
Figure 5.2: Histogram of the pixels of an image of a CT slice of the sample showing the 
disparity between the background pixels (air) and foreground pixels (solid sample) for 
porous foods 
 
The corresponding thresholded images obtained on applying Otsu’s algorithm are shown 
in Figure 5.3.  
 
  
 
Classic white bread Cornbread Shortbread cookie Granola bar 
Figure 5.3 Images of a CT slice of a sample thresholded using Otsu’s algorithm  
 
Porosity was calculated mathematically from such images (Figure 5.3) in ImageJ using 
Otsu’s algorithm. In order to determine porosity by calculation (5.2.3), true density of the 
foods was determined using Choi-Okos equation (Choi and Okos, 1985) and apparent 
density using dimension technique (Table 5.12). 
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Table 5.12 True density using Choi-Okos equation and apparent density using 
dimensions of the foods  
Food Items True density using 
Choi-Okos equation 
g/cm3 
Apparent density using dimension 
technique, g/cm3 
 SD 
French 1.3105 0.1237 0.0095 
Classic white 1.2048 0.1366 0.0149 
Whole wheat 1.2137 0.2150 0.011 
Rye 1.2397 0.2242 0.039 
Italian 1.1949 0.2199 0.0188 
Multigrain 1.2217 0.2410 0.016 
Sponge cake 1.1944 0.3432 0.0627 
Corn bread 1.1951 0.4389 0.0567 
Sugar cookie 1.3039 0.5659 0.0114 
Granola bar 1.3177 0.6237 0.0261 
Shortbread cookie 1.3039 0.6618 0.0114 
 
Table 5.13 shows the comparison of the porosities obtained via both methods. For most 
foods, the porosity determined using image analysis was significantly lower in 
comparison to the values obtained by calculation.  
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Table 5.13 Porosities of foods using image processing & analysis and by calculation 
(5.2.3) 
 
 
Porosity using image 
processing & analysis (Otsu’s 
algorithm) 
Porosity by calculation 
(from dimensions and Choi-
Okos equation) (5.2.3) 
 SD  SD 
French 0.863b 0.017 0.906a 0.0073 
Classic white 0.834b 0.022 0.887a 0.0124 
Whole wheat 0.756b 0.013 0.823a 0.0091 
Rye 0.777a 0.022 0.819a 0.0315 
Italian 0.772a 0.04 0.816a 0.0158 
Multigrain 0.766b 0.013 0.802a 0.0130 
Sponge cake 0.750a 0.0031 0.713a 0.0525 
Corn bread 0.565a 0.0032 0.633a 0.047 
Sugar cookie 0.433b 0.0026 0.570a 0.0150 
Granola bar 0.382b 0.009 0.527a 0.020 
Shortbread cookie 0.419b 0.008 0.492a 0.0087 
Values are means, n=3; Means with different letter in a row differ significantly 
 
On comparison with the porosity obtained via calculation, it resulted in SD = 0.083 
between the two methods for the same foods. The reason for lower porosity is possibly 
that Otsu’s algorithm fails to correctly separate the grayscale histogram into black and 
white pixels for such complicated and non-uniform porous food structures.  
 
166 
 
166 
A third approach was followed to determined porosity using x-ray attenuation coefficient 
information. Apparent density was determined previously using x-ray linear attenuation 
coefficients in chapter 4 (4.3.3). Using this apparent density and true density using choi-
Okos equation (Table 5.12), porosity can also be determined as per equation (5.9).  
 
For a complete understanding, the porosities obtained using x-ray linear attenuation 
coefficients via both methods – apparent density and fundamental food composition, 
image processing & analysis and by calculation were compared for significant 
differences (Table 5.14). 
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Table 5.14 Porosities obtained using x-ray linear attenuation coefficients, image 
processing & analysis and by calculation 
Food Porosity  using  
apparent density 
obtained from x-ray 
linear attenuation 
coefficients at 
different energy 
levels (4.3.3) and 
true density by 
Choi-Okos equation 
Porosity using x-
ray linear 
attenuation 
coefficients of 
pure components 
based on powders 
obtained on 
microCT 
Porosity using 
image 
processing & 
analysis (Otsu’s 
algorithm) 
Porosity by 
calculation, 
(from dimensions 
and Choi-Okos 
equation) (5.2.3) 
 SD  SD  SD  SD 
French bread 0.879ab 0.027 0.808c 0.001 0.863b 0.017 0.906a 0.0073 
Whole wheat 
bread 
0.722c 0.020 0.547c 0.006 0.756b 0.013 0.823a 0.0091 
Rye bread 0.752b 0.027 0.693c 0.022 0.777b 0.022 0.819a 0.015 
Multigrain 
bread 
0.803a 0.066 0.655c 0.005 0.766b 0.013 0.802a 0.013 
Sponge cake 0.768a 0.036 0.685b 0.004 0.750a 0.0031 0.713ab 0.053 
Corn bread 0.617a 0.054 0.422c 0.008 0.565b 0.0032 0.633a 0.047 
Values are means, n=3; Means with different letter in a row differ significantly 
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For majority of the foods, porosity using apparent density obtained from x-ray linear 
attenuation coefficient was not significantly different on comparison to that obtained by 
calculation. On comparison with the porosity obtained via calculation, a SD = 0.06 was 
observed between the two methods for the same foods. The reason for lower porosities 
for few foods is possibly because of the higher apparent density values obtained using x-
ray linear attenuation coefficient at different energy levels.  Porosity values using x-ray 
linear attenuation coefficients of fundamental food composition and image processing 
were significantly lower for most foods than that obtained by calculation. It may be 
helpful to evaluate the porosity measurement technique using microCT for foods with 
less complex porous structure and liquids with known composition to understand the 
reason for lower porosity values. However, it is evident that porosity using apparent 
density obtained from x-ray linear attenuation coefficients is a more direct, effective and 
successful approach for porosity determination using x-ray imaging.  
 
 Conclusion & Future Work 5.4
 
This study demonstrated that porosity could be determined from apparent density 
obtained from x-ray linear attenuation coefficients, using x-ray linear attenuation 
coefficients of fundamental food components and by image processing & analysis. The 
method using apparent density obtained from x-ray linear attenuation coefficients was 
most effective for porosity determination.  
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For majority of the foods, porosity obtained from x-ray linear attenuation coefficients of 
fundamental foods was significantly lower than that obtained by calculation. There could 
be several reasons for this error including flawed food composition due to 
misrepresentation by the FNDDS food code or incorrect x-ray intensities due to low 
quality x-ray imaging technique in case of x-ray radiography. Additionally, there is a 
high probability of variation in the average x-ray photon energies during scanning of a 
food sample as against fundamental food components. However, the exact cause could 
not be established within the scope of this study. It is suggested that a more controlled 
study with known composition, foods with defined, simple porous structure and liquids 
should be undertaken to understand the true source of the discrepancy.  
 
It is recommended that more work be done to determine x-ray linear attenuation 
coefficients of carbohydrates, proteins, fats, and salt at different energy levels on the x-
ray radiography. Also true density of the porous foods be measured on the gas-
comparison pycnometer so as to avoid the dependence on Choi-Okos equation for true 
density,  
 
In the other approach using mathematical thresholding algorithm, the differences in 
porosity was very small except in case of granola bar. The reason for the large difference 
in porosity values could be that 100 CT slices were chosen to represent the entire sample 
due to time and research constraints. Since granola bar has a diverse and non-uniform 
structure, more investigation is needed to quantify any possible errors resulting out of this 
characterization. Numerous image-processing techniques are emerging, each with its own 
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advantages and disadvantages. The porosity mathematical algorithm can be further 
improved with better and more robust image processing techniques that can eliminate 
system noise and topographical artifacts.  
Thus, quantification of porosity using x-ray imaging and empirical determination of true 
density from food composition can lead to determination of apparent density without any 
external measurement.  More innovation in x-ray imaging and advanced image analysis 
will open new horizons in the development of new mathematical and computational 
models that connect food micro structure to other mechanical properties.  
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Appendix A Food Density Determination using MRI 
Preliminary results conducted at Purdue MRI facility were encouraging. A 3D fast spin 
echo proton density-weighted pulse sequence (echo train length = 16; number of 
excitations, NEX = 4; frequency direction = superior/inferior;) was used to acquire 
0.5mm isotropic resolution images of foods using a 3 Tesla Signa HDx MRI (GE 
Healthcare, Waukesha, WI). Images were acquired using a transmit/receive knee array 
(InVivo), and the 144 mm x 144 mm x 60 mm volume was sampled using a 288 x 288 x 
120 acquisition matrix.  The 3T MRI is equipped with proton spectroscopy for MRS and 
a real-time acquisition system for use with echo-planar fMRI. 
 
Experiment #1:  
Preliminary experiments were conducted using the MRI located at Purdue University to 
scan few porous foods. Classic white bread, whole wheat bread and peanut butter 
crackers were scanned on the MRI as shown in the Figure A. 1below. It can be observed 
that the images were not clear enough for identification or measurement. Currently 
available image processing tools proved inefficient for analysis of the acquired MRI data 
of the foods.  It necessitated optimization of the MRI parameters for better data 
acquisition for foods.   
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Classic white bread Whole wheat bread Peanut butter cracker 
FOV= 200.0mm x 150.0mm 
TR = 1500 ms,  
TE = 31.497 ms,  
Scan time = 462395 ms ~ 
7.7min 
FOV = 200.0mm x 
150.0mm 
TR= 1500ms 
TE= 31.497ms 
Scan Time= 462395ms ~ 
7.7min 
FOV= 144.0mm x 
108.0mm 
TR= 1500ms, 
TE= 32.482ms, 
Scan Time= 372413ms ~ 
6.2min 
Figure A. 1 Foods imaged using MRI (3T GE Signa HDx imager with EXCITE) at 
Purdue 
 
Experiment #2  
In order to optimize parameter of MRI, the various factors described earlier were 
evaluated for consideration. . Signal-to-noise ratio (SNR) is the ratio between the 
amplitude of the received signal and background noise, which tends to obscure that signal. 
SNR, and hence image quality, can be improved by factors such as increasing the number 
of excitations (NEX), increasing the field of view, increasing slice thickness, etc. Number 
of excitations (NEX) is an indicator of how many times each line of k-space data is 
acquired during the scan  where k-space data is a data acquisition matrix containing raw 
image data prior to image processing. 
  
Classic white bread (Figure A. 2) and fiber-one cereal bar (Figure A. 3) were selected as 
samples for this experiment. NEX of the run was increased for better understanding of 
the image quality of food obtained via MRI. As illustrated in table, increase in NEX led 
to corresponding increase in scan time accompanied by increase in signal-to-noise ratio.  
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NEX= 1,  
Scan time = 4.30 
min 
Rel. SNR = 106% 
NEX= 8,  
Scan time = 36 min 
Rel. SNR = 298% 
NEX= 12,  
Scan time = 54 min 
Rel. SNR = 366% 
NEX= 16,  
Scan time = 1.12 hr 
Rel. SNR = 422% 
Figure A. 2 Slices of the Classic white bread imaged using MRI (3T GE Signa HDx 
imager with EXCITE), Number of slices = 40 
 
    
NEX= 1,  
Scan time = 2.88 
min 
Rel. SNR = 79% 
NEX= 8,  
Scan time = 23 min 
Rel. SNR = 224% 
NEX= 12,  
Scan time = 34.30 
min 
Rel. SNR = 317% 
NEX= 16,  
Scan time = 46 min 
Rel. SNR = 317% 
Figure A. 3 Slices of the FiberOne cereal bar imaged using MRI (3T GE Signa HDx 
imager with EXCITE), Number of slices = 30 
 
As observed in the above Figure A. 2 and Figure A. 3, increase in NEX did not produce 
much improvement in image quality. Although there was a definite improvement in the 
images obtained, the graininess in the image is clearly visible. Even after a scan time of 
1.12 hr, the bread slice lacked clarity. Additionally, existing tools prove insufficient for 
estimation of porosity from such images.  
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The explanation of this lack of good quality images with the MRI lies in the working of 
the MRI instrument. MRI reads the energy produced by high dipolar molecule (mostly 
water) as they mis-align themselves after each RF alignment pulse. Porous foods such as 
bread are dry foods which contain no water. Hence, their image acquisition using MRI is 
difficult. However, the cereal bar has greater lipid content and this contributes to the 
greater image contrast as observed in the figure 18. It is a major limitation of MRI that it 
can be applied to material investigations only if they have sufficient water content. Hence, 
in order to use MRI for estimating the porosity or density of foods, a powerful magnet 
would be needed and an even greater scan time needs to be used.
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Appendix B X-ray Linear Attenuation Plots of Fundamental Food Components  
The x-ray linear attenuation plots necessary to determine the x-ray linear attenuation 
coefficient, µ described in CHAPTER 4 for the fundamental components of foods are 
given below.  
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 Appendix C Derivation of the Fundamental Density Equation using X-rays  
 !   !, ρ,! =   αρ!!!! + !" ( C.1) 
 
This is the x-ray linear attenuation equation. It is important to note that κ is function of ρ 
and Z for nonzero E. The higher the E, the more at κ is ruled by Compton scattering i.e. 
the density ρ of the absorber. At lower energies the photoeffect and thus the atomic 
number Z tends to dominate (Heissman et al., 2003). Consider κ at two different energies 
E1 and E2,  
 !!   !!!! !! = !   !!!!!     !!!! !!"!  
( C.2)  
 
The effective attenuation coefficient (µ) depends on the x-ray measurements such as 
system parameters (i.e. source and detector).  Thus we obtain 
 ! = ! ! ! ! !" ( C.3 ) 
 
Where weighting function is introduced as follows,  
  ! ! =    ! ! ! !! ! ! ! !" ( C.4 ) 
 
Where S (E) is a function of continuous tube spectrum and d(E) is the detector sensitivity, 
0 < D(E)< 1.  Thus we obtain,  
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 !!!! = ! !! ! !! !,!   !"!! ! !! !,!   !"  
( C.5) 
 
Substituting equation ( C.1) in ( C.5) we get,  
 
 !!!! = !  !!!  !! !!"!  ( C.6 ) 
 
Where !! = ! !! !!!   !" ( C.7 ) 
 
Solving the matrices,  
 
 !!!! =    !!!!    1! !! − !! !!      −!!−!                  !  ( C.8) 
 
 !!!! =    1! !! − !! !!!!      −!!!!−!!!                !!!  ( C.9)  
 
 !!!! =    !!!!−!!!!!(!! − !!)−!!! +   !!!!(!! − !!)  
( C.10) 
 
 
Thus 
 
! = 1! !!!! − !!!!!! − !!  ( C.11 ) 
Where µ1 and µ2 are linear attenuation coefficients at two different x-ray energies E1 and 
E2, 
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 g1 and g2 are weighted functions of the x-ray tube spectrum and detector sensitivity at the 
two x-ray energies E1 and E2 
β is the scattering attenuation constant  
 !! = !!!! !! + ! !! − !!!!  ( C.12) 
 
Substituting,     ! = !!!! ( C.13 ) 
 
We get, 
 ! = !!   − !"!! − !"  ( C.14 ) 
 
Rearranging equation ( C.14 ), 
 !   !!! − ! = !!! − !  (C.15) 
 
Substituting equation ( C.1) and αZk = constant m, and l = 3.1 we get 
 !   ! 1!!!.! + ! − ! = ! 1!!!.! + ! − !  ( C.16) 
 
 ! = !!!! !.! ( C.17 ) 
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And, ! =   !!!!!.! − !!!!!.!! !!!.! − !!!.!  ( C.18 ) 
Simplifying ! = !! − !!!!   1− !  ( C.19 ) 
   
Where ! = !!!! !.! 
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